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ABSTRACT 
 
 
Agricultural land in China is being degraded, with soil erosion becoming an 
increasing problem. In Yunnan Province, south-west China, there is a long history of 
soil erosion due to soil type, climate, anthropogenic influence and because 95% of the 
Province is mountainous. Population pressure and lack of flat land necessitate  
cultivation of steep slopes. The Yunnan Government prohibits cultivation of slopes 
>25°, however policy enforcement would result in food shortages in the Province, due 
to a lack of suitable land <25°. Therefore, the most appropriate way to curb soil 
erosion in Yunnan is to devise affordable agronomic means of reducing soil loss, 
which do not decrease crop productivity on sloping land currently under cultivation. 
At present, very little research has addressed these issues. 
 
A research project, building on existing work from 1993-1996, was initiated in 1998. 
The aim was to test the hypothesis that contour cultivation and contour cultivation 
plus straw mulch decrease runoff and soil erosion rates on sloping land in Yunnan 
Province under maize cultivation and to assess the impact of these conservation 
measures on maize productivity and soil nutrient status. Thirty runoff plots, located on 
three different slope angles (I 3°, II 10° and III 27°), in three groups of 10, were used 
to examine three cropping treatments in a replicated plot design in 1998 and 1999. 
Treatments were downslope cultivation (control), contour cultivation and contour 
cultivation plus straw mulch. In addition, there was an unreplicated bare plot in each 
group. Runoff and soil loss were measured on a storm-by-storm basis. Soil nutrient 
status was measured at the beginning and end of each cropping season. Crop growth 
parameters and soil physical properties were measured throughout the cropping 
seasons  (21/05–7/10 in 1998 and 22/05–2/10 in 1999). 
 
In 1998, seasonal rainfall was 1024 mm, ~28% greater than the 30-year mean. Soil 
loss was significantly reduced by contour cultivation on Slopes I and II. On Slope I, 
downslope cultivation produced 3.07 t ha-1 soil loss and contour cultivation reduced 
this by 81.4 %. On Slope II, downslope cultivation produced 19.11 t ha-1 and contour 
cultivation reduced this by 58.0%. The addition of straw mulch gave a further, non-
significant, reduction on both slopes. On Slope III, downslope cultivation and contour 
cultivation produced 6.92 and 6.29 t ha-1 of soil loss, respectively, with contour 
 i
cultivation plus straw mulch having 99.4% less erosion than downslope cultivation. In 
the much drier 1999 season, no treatment significantly reduced soil loss on Slope I. 
Contour cultivation significantly reduced soil loss on Slopes II and III. On Slope II, 
downslope and contour cultivation produced 11.52 t ha-1 of soil loss and contour 
cultivation  reduced this by 85.8%. On Slope III, downslope and contour cultivation 
produced 8.62 and 0.23 t ha-1, respectively; a reduction of 97.3% by contour 
cultivation. The addition of straw mulch did not further decrease soil loss. 
 
Treatment effects on soil nutrient status varied between the two years. At the end of 
the 1998 season, there was significantly higher soil available N under contour 
cultivation plus straw mulch on all three slopes (Slopes I and II P <0.001, Slope III    
P <0.05), an effect that was not found in 1999. At the end of the 1999 season, soil 
available K was significantly (P <0.001) higher under contour cultivation plus straw 
mulch on Slope III. In both years, contour cultivation plus straw mulch significantly 
reduced soil temperature. However, this did not result in yield reductions in 
comparison with the control. There was an increase in soil moisture content under 
contour cultivation plus straw mulch during dry periods, which was particularly 
noticeable in 1999. In 1998, there were no significant treatment effects on grain or 
shoot yield. In 1999, on Slope II, contour cultivation plus straw mulch significantly 
increased grain yield by 50.3% compared with the downslope treatment (P <0.05). In 
1999, contour cultivation plus straw mulch also significantly increased leaf plus stem 
yield on Slopes I and II by 12.4  and 36.8%, respectively. 
 
It is concluded that on ≤10° slopes, contour cultivation alone is a suitable soil 
conservation measure. However, use of straw mulch would benefit soil moisture and 
nutrient status and could, therefore, increase crop yield. On ≥27° slopes, it is 
recommended that contour cultivation plus straw mulch be used as a soil conservation 
measure to ensure maximum soil conservation, even in extreme rainfall conditions.  
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Chapter 1. Introduction 
 
1.1 Introduction to Soil Erosion in China 
China covers 960 million hectares, which is one fifteenth of the earth’s total land area. 
With a population of over 1.2 billion it has less area per person than anywhere else on 
earth (Rekenthaler, 1998). Most of the country is unsuitable for cultivation, being 
mountains, deserts and rivers. According to the UNEP, cropland accounted for only 14% 
of the total land area of China in 1990 (UNEP, 1990). Today this figure has declined due 
to the loss of agricultural land to urban sprawl, roads and construction (Du et al., 1999). 
This puts enormous pressure on crop production in China and the desire of the Chinese 
people to maintain self-sufficiency.  The problem can be placed in context when it is 
considered that China produces 17% of the World’s grain yield on just 9% of the World’s 
land (UNEP, 1990). Given this situation, it is no surprise that much of the agricultural 
land in China is being degraded, with salinisation, pollution and soil erosion becoming 
increasing problems. Total soil loss in China is an estimated 5500 million tonnes, 20% of 
the World total (Wen, 1993). The consequences of accelerated soil erosion became 
tragically apparent in 1998 when wide-scale flooding swept across southern China, the 
product of heavy rainfall and silt laden rivers, which were no longer able to cope with 
increasing  runoff.  
 
China has a long history of soil erosion, with some of the best and worst examples of 
erosion control in the world (Robinson, 1981). The extensive damage caused by soil 
erosion in China was noted by western scientists in the 1950s (Lowdermilk, 1953).  
However, the political changes in China during the 1900s made it difficult for action to 
be taken to curb the damage. Some events, such as the mass deforestation, during Mao 
Tse Tung’s drive to increase steel production, led to increased damage. Twenty years 
ago, the Chinese Government organised a national programme to tackle the problem of 
soil erosion, prompted by siltation problems in irrigation systems. The programme 
included efforts to: reverse the trend of deforestation, take slopes out of cultivation, 
increase terracing and build silt dams (Rozelle et al., 1997). In 1985, 465,000 km2 (35%) 
of the total eroded land area was in erosion control projects and this amount has increased 
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by approximately 4% per annum since (Rozelle et al., 1997). Despite this, the amount of 
land subject to severe erosion in China increased dramatically during the 1980s and 
1990s and continues to rise today. Attempts to quantify this increase have been made 
(Figure 1.1) (Huang and Rozelle, 1995). 
 
Figure 1.1. Area of land in China subject to soil erosion between 1970 and 1990  
 
Source: Huang and Rozelle 1995 
 
To date, the Loess Plateau in  north China has received the greatest amount of attention 
by both the national and international research communities, in terms of soil erosion 
research. A review of Chinese studies in this area is given by Xu et al., (1994). With its 
extensive deposit of loess and a long history of human habitation, it has been described as 
the most erosion prone area in the World (Hui Shi and Mingan Shao, 2000). In contrast, 
south China has attracted relatively little research work, despite the fact that an estimated 
2,500 million tonnes per year of soil loss (almost half of the national total) occurs from 
this area and that the region is responsible for one fifth of the country’s cereal grain 
production (Wen, 1993). Soil erosion in southern China has increased dramatically since 
the 1950s and it is now estimated that 30% of the total land area in Southern China is 
subject to erosion (Shaoxiang, 1993). Southern China has a tropical to subtropical climate 
and covers 20% of China’s landmass (Zhao and Shi, 1986). Soils in the region are, using 
the Chinese classification, Yellow and Red Earths and are typically shallow, highly 
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weathered and prone to erosion once stripped of vegetative cover. The rate of soil 
formation in southern China is much slower than in the Loess plateau, making the 
consequences of erosion in this area more drastic (Higgit and Rowan, 1996). It is, 
therefore, imperative that soil erosion problems are addressed in southern China 
especially in intensely cultivated areas, such as Yunnan Province. 
  
1.2 Introduction to Soil Erosion in Yunnan Province 
Yunnan Province is in south-west China, bordering Laos, Vietnam and Myanmar 
(Burma) between 21°8’32 – 29°15’8 N and 97°31’39 – 106°11’47 E (Figure 1.2). The 
Province covers 394,000 km2, making it slightly larger than Japan.  The Province is 
situated partially on the Yunnan-Guizhou Plateau and the climate ranges from temperate 
to tropical due to its elevation (Yunnan Tourist Board, 1999). Cultivated land in Yunnan 
is located at relatively high altitutes, on average between 1000 and 2600 m above sea 
level (Thomas, 1993). The elevation in Kunming (the Capital) where this study is located, 
is 1,891 m. Climatologically, the Province is highly complex, although in general the 
rainfall can be described as monsoonal (Vogel et al., 1995). The Province is actually 
influenced by four different branches of atmospheric circulation, namely the south-west 
monsoon, the south-east monsoon, the north-east monsoon and the extra-tropical 
westerlies (Figure 1.3, source Thomas, 1993). Consequently, there is a wide variation in 
the onset date of monsoon rain throughout the Province, in fact, the greatest variation in 
any single region in Asia (Thomas, 1993).  In Kunming, the onset of rains is generally in 
May with the rainy season lasting until October, with 75% of annual rainfall occurring 
during this time. Average annual rainfall varies considerably across the Province with 
precipitation in the driest areas, in the north of the Province, receiving 350-500 mm year-1 
and the southern tropical area 2400-3500 mm year-1 (Figure 1.4, source Hannaway, 
personal communication). The 30-year mean annual rainfall for Kunming given in 1982 
was 1034 mm and the seasonal mean (May-October) 798 mm (Yunnan Province 
Meteorological Bureau Information Office, 1982). 
 
Soils in Yunnan are, according to the Chinese classification system, Red Earths. Red 
Earths are generally high in iron and aluminium and have a low pH, with a medium to 
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heavy texture. They are classified as Ferric Acrisols (FAO/Unesco 1974), or Ultisols 
(USDA, 1975). However in certain sub-groups, such as Cinnamon Red Earths, Ca and 
Mg accumulate in the soil surface. These soils subsequently have a higher pH, a base 
saturation of  > 40% and are therefore better described as Alfisols rather than Ultisols. 
The soil at Yunnan Agricultural University (the site of this study) appear to fit into the 
Cinnamon Red Earth sub-group, having high base saturation and greater levels of Ca and 
Mg in the soil surface than would be expected in a Typic Red Earth. There is also 
evidence from outcrops in the area that they are underlain with limestone, which accounts 
for pH being higher than expected for a Red Earth.  The major food crops in Yunnan are 
rice and maize, with rice occupying 26% of total cropping area and maize 23% (Thomas, 
1992).  
 
Figure 1.2. Location of Yunnan Province in P.R. China, showing the location of 
Kunming, the Provincial capital 
 
  
Produced by M. Hallett, University of Wolverhampton 
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 Yunnan Province has a long history of soil erosion problems due to soil type, climate, 
anthropogenic influences and the fact that 95% of the Province is mountainous. Pressure 
on flat land has, therefore, always been great, intensifying as China’s population 
increased. As early as the Tang dynasty (618-907 AD), large scale deforestation of hill 
slopes began in Yunnan, as the demand for agricultural land grew (Li Tianchi et al., 
1993). Farming on sloping land led to mudslides, which swamped agricultural land in 
valleys and forced people further up the hillsides, setting off a destructive cycle. This was 
coupled with the practice of taking topsoil from hill areas to fertilise plains below, again 
leading to increased erosion (Li Tianchi et al., 1993).  
 
Figure 1.3. Branches of atmospheric circulation affecting precipitation in Yunnan 
Province  
 
Source: Thomas (1993) 
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Figure 1.4. Rainfall distribution throughout Yunnan Province, reproduced with the 
permission of Dr. D. Hannaway, Oregon State University. 
 
 
Although there is a history of terracing in Yunnan, many areas were not terraced as 
expense and labour involved could not be justified for crops such as maize. By the 1940s, 
50% of the Province's forests had been removed. Between 1950-1977, forest cover 
throughout China declined dramatically and Yunnan was no exception, with cover 
dropping from 50 to 25% (Whitmore et al., 1994). Whitmore et al. (1994) highlighted the 
effects this had on erosion rates, when they studied sediment cores from four Yunnan 
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lakes. They found evidence of recent and drastic erosion in all lakes, especially Dianchi 
Lake, near Kunming. 
 
Today, soil erosion is one of the biggest environmental problems facing Yunnan, which is 
one of the poorest Provinces in China (Chen and Zang, 2000). The practice of cultivating 
steep slopes (≤40°) is the norm throughout the Province. People are left with no 
alternative but to cultivate slopes, as flat land is increasingly used for construction and the 
population growth continues. Between 1976 and 1980, a programme was implemented in 
Yunnan Province, as it was in the rest of southern China, to reduce soil erosion. Several 
soil conservation organisations were set up and are still in operation today, with varying 
degrees of success. The Government also introduced a policy that prohibited the 
cultivation of slopes > 25°. However, enforcement of this policy would result in a food 
shortage in the Province, due to a lack of suitable land <25° (Shaoxiang, 1993). 
Increasing population pressure demands that current levels of crop production in Yunnan 
be maintained and ideally increased. Therefore, the only way to curb soil erosion in 
Yunnan in the future is to devise agronomic means of reducing soil erosion, which do not 
decrease productivity. At present, very little research has addressed this. In a review of 
soil erosion studies in southern China, Hill and Peart (1998) mentioned only two studies 
carried out in Yunnan, both of which were located in Xianbanna, in the far south. They 
also noted the scarcity of data in all areas of study, especially the impact of soil loss on 
productivity. As maize is the major food crop grown on sloping land in Yunnan (Thomas, 
1992), research work on maize cultivation techniques, which reduce soil loss without 
reducing productivity, are greatly needed. 
 
1.3 Previous Work 
This study is a progression of a longer-term research programme considering soil erosion 
and crop productivity on sloping land in Yunnan. This section briefly outlines the 
findings of the previous work, in order to put this research in context. In 1993, a 
collaborative project was established between the University of Wolverhampton and 
Yunnan Agricultural University, to evaluate appropriate agronomic soil conservation 
measures for maize production on sloping red soils in Yunnan Province. Thirty runoff/ 
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erosion plots were established at Yunnan Agricultural University Campus, on three 
different slope classes (3, 13 and 30°) (Barton, 2000). Details on dimensions and other 
aspects of the plots are given in Chapter 3, Section 3.1. From 1993 to 1996, these plots 
were used to evaluate the effects of five different cropping techniques, in combination 
with contour or downslope cultivation, on soil conservation and crop productivity (Fullen 
et al., 1999). The cropping techniques used were conventional tillage (representative of 
practices in use in Yunnan), no-tillage, straw mulch as a surface cover, polythene mulch 
as a surface cover and intercropping with soybean.  
 
In 1993 and 1994, the plots were cultivated with maize using these cropping practices and 
measurements of runoff and soil loss made by the Faculty of Agricultural Technology of 
Yunnan Agricultural University. In 1995 and 1996, the same cropping practices were 
used in an unreplicated study on the three slopes (angles of which had by this time 
changed to 3, 10 and 27°), with one of each treatment being carried out for each planting 
direction. For example, on the 3° slope, there was a conventional tillage with contour 
cultivation plot, a conventional tillage with downslope cultivation plot, a minimum tillage 
with contour cultivation plot, a minimum tillage with downslope cultivation plot etc. This 
research was carried out by Barton for a Ph.D. thesis (Barton, 2000). Barton measured 
runoff and soil loss during both the 1995 and 1996 cropping seasons. He found straw 
mulch to be the most effective soil conservation method, even on the steepest slopes. 
Erosion rates were 27, 78 and 76% of the conventional tillage treatment on Slopes I (3°), 
II (10°) and III (27°), respectively, for contour cultivated plots and 68, 75 and 89% of 
conventional tillage for Slopes I, II and III, respectively, for downslope cultivated plots. 
The data showed straw mulch to be an effective soil conservation measure. However, 
effectiveness varied with slope angle and with planting direction. For all other treatments, 
Barton found a general trend for contour cultivation to produce less soil loss than 
downslope cultivation on Slopes II and III, but not on Slope I.  He concluded that straw 
mulch and contour cultivation both had the potential to reduce soil erosion, but the 
success of either treatment varied with slope angle. This study was not replicated, 
therefore, it was not, possible to determine if treatment effects were plot specific or more 
broadly applicable. In order to determine if straw mulch and contour cultivation had any 
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significant advantage over conventional cultivation methods, an experiment using a 
replicated design and involving further measurements was required. 
 
Barton (2000) also measured crop growth and productivity during the 1995 and 1996 
cropping seasons. Due to the experimental design only limited statistical analysis could  
be performed on these data. The polythene mulch treated plots showed higher growth and 
yield than the other treatments. Conventionally tilled plots generally showed the poorest 
growth and straw mulch, along with the other two treatments, showed growth rates mid-
way between polythene and conventional tillage in both years. Treatment effects on yield 
were the same as those found for growth in 1995. In 1996, conditions were drier than in 
1995, consequently straw mulch produced the highest yield on Slope III, when combined 
with contour cultivation, and the highest yield on Slope I, when combined with 
downslope cultivation. As with soil loss data, without a replicated plot design, treatment 
effects on yield were difficult to identify reliably. However, generally, polythene mulch 
had beneficial effects on crop growth and straw mulch had beneficial effects in drier 
conditions. 
 
Soil samples taken from the plots at the beginning of the 1994 season and at the end of 
the 1996 season were analysed for nutrient content (Barton 2000). The aim of this was to 
determine if soil loss over the 2.5 year period had led to changes in total and available 
soil nutrients. Barton (2000) found few treatment differences, with the exception of the 
straw mulch treatment on Slope II, which showed larger increases in total and available 
N, available P and K and organic matter than the other treatments. During the 2.5 year 
period, plots were left bare during the winter, whereas in cropping systems in Yunnan 
maize is usually followed by a winter crop of wheat (Wu pers com.).  
 
Barton (2000) concluded that straw mulch and contour cultivation both had potential 
benefits for soil conservation and crop productivity and needed to be studied further. 
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1.4 Aims and Objectives 
The aim of this research is to examine the hypothesis that contour cultivation and contour 
cultivation plus straw mulch decrease runoff and soil erosion rates on sloping subtropical 
red soils in Yunnan Province, China, under maize cultivation and to assess the impact of 
these conservation measures on maize productivity and soil nutrient status. 
 
Previous work conducted at Yunnan Agricultural University has shown contour 
cultivation and straw mulch to have potential benefits for soil and water conservation. 
The research has the following objectives: 
 
1. Determine if contour cultivation alone and contour cultivation plus straw mulch can 
reduce runoff and soil loss on three different sets of plots, each with different slope 
angles, soil types and cultivation histories.  
2. Examine the effectiveness of the two conservation measures in different weather  
conditions experienced in the monsoon season in Yunnan. 
3. Determine the effects of both conservation measures on crop growth and productivity 
and examine the mechanisms by which these effects may occur. 
4. Examine the effects of the two conservation measures on soil nutrient status over the 
growing season. 
 
This work will provide much needed information concerning appropriate agronomic 
methods for alleviating soil erosion in this area. Few studies have considered straw mulch 
in conjunction with contour cultivation as a means of controlling soil erosion. To the 
author’s knowledge, no studies have considered the interactive effects of these two 
conservation measures on soil erosion and maize productivity on a subtropical Red Soil. 
It is intended that findings will be made available to local farmers/government authorities 
and soil conservation organisations in Yunnan, so they are able to make informed 
decisions as to whether these conservation measures are appropriate for their use. Results 
will be disseminated through a European Union funded workshop, to be held at Yunnan 
Agricultural University in August 2002. Local farmers and government officials, in 
addition to members of the Yunnan research community will attend the workshop.  
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Chapter 2. Literature Review 
2.1 Plot Studies: Uses and Limitations 
Erosion plots have been used as a basic research tool for measuring runoff and soil loss 
since the pioneering studies of Ewald Wollny in the 1880s. In terms of collecting baseline 
data, no satisfactory alternative has been developed (de Ploey and Gabriels, 1980). Plot 
studies have several uses and limitations, which have to be kept in mind when 
interpreting or extrapolating derived data. In order to understand the limitations of plot 
studies, an understanding of the mechanisms by which soil erosion occurs is necessary. A 
summary of these mechanisms is reported by Barton (2000) and will not be repeated here.  
 
In the 1960s some scientists began to question the way in which plot studies were being 
conducted. Hayward (1968) carried out a critical evaluation of plot studies, conducted 
mainly in the USA, Australia and New Zealand. He described the studies as being either 
experimental, where the studies were used to evaluate treatment variables, or 
observational, where they were used to measure soil erosion per se in a natural situation. 
For experimental studies, his main criticism was the lack of replication and where 
replication did occur, the lack of randomness in assigning treatments. Few of the 
replicated studies were subject to statistical analysis, a criticism also made by Boughton 
(1967). For the observational studies, Hayward’s criticisms were focused on the problems 
of extrapolation of plot data to entire catchments. Plots are subject to boundary effects, 
which alter the microclimate at the site boundary. Both Hayward (1968) and Boughton 
(1967) believed the major boundary effect experienced would be the reduction of 
overland flow, leading to an underestimation of soil loss. Boughton (1967) pointed out 
that velocity and depth of flow increased with distance travelled, therefore erosive power 
also increases with distance travelled. Plot boundaries curtail distance travelled and, 
therefore, lead to underestimates of erosion. Hayward did acknowledge that the 
underestimation of soil loss due to retardation of overland flow may be offset by other 
factors that increase soil loss and later work proved this to be the case (Evans, 1995). 
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Hayward (1968) identified another problem with observational plot studies. He pointed 
out that plots were usually of a uniform slope and shape, whereas catchments cover large 
areas of undulating land and, therefore, plot micro-topography cannot represent  
catchment macro-topography.  Hayward also pointed out that in most cases, where plots 
are used for several seasons in succession, the plot slope angle will be gradually altered, 
because of the immovability of the collector. In order to overcome this, a collector that 
could be lowered as erosion took place would be needed and this could be costly to 
produce. 
 
Wischmeier and Smith (1965) used a large survey of data produced from plot studies to 
produce the Universal Soil Loss Equation. This equation has since been used at both the 
plot and catchment scale. However, extrapolating from plot studies to catchment studies 
in this way can have drawbacks. Evans (1995) compared plot and field measurements 
throughout England and Wales. He pointed out that the main source of error between plot 
and catchment measurements of erosion, is in relation to rill and gully erosion, a finding 
also made by Meyer (1985) and Roels and Jonker (1985). In a natural situation, rills form 
over large areas and the direction and size of rilling is dependent on topography. Rilling 
left unchecked can eventually become gullies. In a plot, plot boundaries will prevent 
natural rill formation and plot studies are rarely of a sufficient duration to result in the 
gully formation. Plot boundaries, however, can lead to the formation of rills as water 
concentrates around the plot boundary, generating more runoff.  Evans cites Schaub and 
Prasuhn (1993), who found runoff and soil loss generated from the middle of plots to be 
far less than from the edge. This effect is magnified in smaller plots, which have greater 
edge effect for a smaller overall area. Given that the majority of soil loss is believed to 
occur from rill and gully erosion, rather than overland flow, (de Ploey and Gabriels, 
1980), the boundary rilling effect in plot studies is likely to lead to an overestimation of 
soil loss, rather than the underestimation discussed by Hayward (1968). Evans (1995) 
found this to be true, with plot studies yielding soil loss values on average 10 times 
greater than catchment studies in the same area. 
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The plot border effects are just one of the problems that arise from different sized and 
shaped plot designs. A study on the Loess Plateau in China found that the relationship 
between plot length and soil loss altered with slope angle. They found that for plots ≥ 20 
m soil loss was linearly related to the sine of the slope. However, on shorter slopes, no 
such relationship existed (Liu et al., 1994). Loughran (1989) pointed out that there are 
almost as many plot designs as there are plot studies, despite the introduction of the 
standardised plot by the USDA. Differences in plot size and design arise generally from 
the constraints of land, cost and practicality, making the global standardisation of plot 
studies unlikely.  
 
From the information presented in this section it, therefore, appears that plots studies with 
appropriate replication: 
- Are more suitable for experimental studies than observational studies. 
- Can give a fair representation of the relationship between land use, rainfall and soil 
loss under different cropping practices. 
- Cannot easily be extrapolated to the catchment scale. 
- May produce an inaccurate measurements of soil loss due to border effects. 
- Are the only means of measuring soil loss from a clearly defined area of land 
available at present. 
 
Other methods of measuring soil loss such as erosion pins, stream sediment surveys and 
measurements of Caesium 137 also have advantages and limitations, the largest one being 
that it is not possible to determine the exact area from which soil loss is derived. A 
critique of these methods can be found in Loughran (1989). 
 
2.2 Rainfall Erosivity in the Sub-tropics 
Erosivity is the ability something has to erode. Rainfall erosivity has been the subject of 
many studies, most of which have been carried out in temperate areas, especially the 
USA (Foster and Lane, 1982; Edward and Owens, 1991; Reyes and Gayle, 1995). The 
most famous work was carried out by the scientists who eventually devised the Universal 
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Soil Loss Equation (Stelly et al., 1979).  Wischmeier (1955) identified the kinetic energy 
of raindrops as they hit the soil and the quantity of rainfall in a storm as important factors 
in determining erosivity. Wischmeier and Smith (1958) found a correlation between soil 
loss and total rainfall produced in 5, 15 and 30 minutes, with 30 minutes giving the 
strongest correlation. He found that the product of the kinetic energy of a storm (E) and 
the maximum 30-minute intensity correlated well with soil loss. EI30 has been accepted 
since then as the standard way of estimating rainfall erosivity (Wischmeier and Smith, 
1958).  
 
The EI30 relationship was developed in temperate conditions. However, rainfall in 
tropical and sub-tropical conditions differs considerably from temperate rainfall. A high 
proportion of rainfall in the tropics falls in large storms of high intensity and it is, 
generally, these storms that are responsible for most seasonal soil erosion (Jackson, 
1977). The greater raindrop size in tropical storms and the fact that storms are very often 
wind propelled, means erosion caused by raindrop impact is much greater in tropical than 
in temperate areas. Hudson (1957) illustrated the role of raindrop impact as an erosive 
force in a tropical storm in Zimbabwe. He set up three erosion plots, one covered with 
grass, one bare and one covered with a piece of gauze suspended above the ground. The 
gauze prevented the soil from being impacted by raindrops, but still allowed erosion from 
runoff. After 3 years, erosion from the bare plot was 882.1 t ha-1, whereas from the 
gauze-covered plot it was 7.5 t ha-1. The grass-covered plot produced a similar level of 
soil loss to the gauze plot, indicating the importance of vegetation cover in protecting 
against raindrop impact (Jackson, 1977). 
 
In temperate areas, rainfall rarely exceeds intensities of 75 mm hr-1 (Hudson, 1971). 
However, in tropical areas intensities of 100-200 mm hr-1 are common (Henry, 1974). It 
is generally accepted that rainfall with an intensity > 25 mm hr-1 is erosive (Hudson, 
1971) and given the much higher intensities which occur in tropical countries it follows 
that a larger proportion of tropical rainfall is erosive. In many tropical storms, maximum 
intensity can be reached very rapidly, often in less than five minutes (Obi and Salako, 
1995). A 30 minute maximum intensity is, therefore, unlikely to be representative of the 
 14
true erosive potential of the storm. Stocking and Elwell (1973) found a better correlation 
between soil loss and 15 and 5 minute maximum rainfall intensities than 30 minute 
maximum intensity for sub-tropical storms. However, they did suggest EI30 correlated 
well with soil loss in subtropical storms if it was applied to storms with I5 ≥ 25 mm hr-1 
and which produced  ≥ 12.5 mm of rain. 
 
An alternative method of relating rainfall to soil loss was developed by Fournier (1956). 
The relationship is described by the equation: 
 
D = a C – b        2(1) 
 
Where:  D = soil loss,  
a and b = coefficients determined by local variation  
C = (monthly rainfall in the wettest month of the year) 2 / total annual rainfall 
 
The relationship was found to be more relevant than EI30 to the tropics, but only in large 
catchments and not in smaller areas.  Work has been carried out in Nigeria, with the 
specific aim of finding  better ways of relating tropical rainfall to soil erosion (Lal, 
1976a). Rainfall and soil loss data collected between 1972 and 1974 were analysed by 
linear regression. Relationships were found between total rainfall amount and soil loss as 
were relationships between soil loss and maximum intensity measured in 7.5, 15, 22.5, 
30, 37.5 and 45 minutes. The best relationship was found with the maximum intensity in 
7.5 minutes (Lal, 1976b). Lal found an improved relationship when soil loss was related 
to the product of total rainfall amount (A) and maximum 7.5 minute rainfall intensity e.g.  
AI7.5.  This relationship was found to show a much better correlation to soil loss in 
Nigeria than EI30. The author noted that the increase in rainfall erosivity due to wind was 
not accounted for by AI7.5  (Lal, 1976b). A later study in Nigeria suggested that EI30 could 
be made more applicable to tropical conditions by multiplying by a factor of 1.6, this 
would address the problem of EI30 underestimating erosivity (Obi and Salako, 1995). 
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In China, conditions range from tropical in the south to temperate in the north. Rainfall 
erosivity, therefore, varies considerable across the country. Wang et al., (1995) computed 
erosivity, using the procedure outlined by Wischmeier (1956), for 140 stations across 
China. They concluded that EI30 was an appropriate means of calculating rainfall 
erosivity in China. In Yunnan, however, rainfall is sub-tropical to tropical (Thomas, 
1993) and rainfall erosivity may, therefore, be better estimated by AIm developed in 
tropical Nigeria (Lal, 1976b). 
 
2.3 Soil Erosion-Crop Productivity Studies 
The relationship between soil erosion and crop productivity is not easy to define, for as 
there are many different types of soil, crops and cultivation practices operating in 
numerous different climatic conditions, there are numerous different types of 
relationships. However, in all cases, soil erosion can affect crop productivity by causing 
loss of nutrients and changes in soil physical properties, eventually leading to a restricted 
rooting zone (Wolman, 1985). The necessity to demonstrate the link between erosion and 
productivity is, however, essential, as agriculturists and farmers need factual evidence of 
the benefits of implementing soil conservation measures if they are to willingly adopt 
them (Yost et al., 1985).  
 
There have been many soil erosion studies and even studies on the way erosion affects 
soil physical and chemical properties (Romkens et al., 1977; Gabriels and Michels, 1991; 
Cihacek and Swan 1994). However, few studies have considered erosion-productivity 
relationships. In 1985, a global survey of erosion / productivity studies was carried out 
for the FAO (Stocking 1985). The study found that of the few erosion / productivity 
studies which had been carried out, 60% had been conducted in the USA and most of 
these had been carried out in the five years preceding the survey (Stocking, 1985). Very 
few studies had been carried out in the tropics and subtropics, areas particularly 
threatened by erosion induced productivity losses due to climatic conditions, soil types 
and population pressure. The need for studies in these areas was highlighted by Wolman 
(1985), who pointed to a study in the USA which showed loss of crop productivity after 
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the removal of 25 cm of top-soil, whereas a study in Nigeria showed loss of productivity 
after the removal of just 5 cm of top-soil. 
 
One of the few studies of erosion and crop productivity in a tropical area was carried out 
by Lal (1985), who considered the erosion / productivity relationship for two sets of 
experiments in Nigeria. The first was a series of runoff plots on varying slopes planted 
with maize, the second was a desurfacing experiment, where the top 10 and 20 cm of soil 
were removed before plots were planted with maize. For the first experiment, soil erosion 
increased with increasing slope angle and crop yield declined with increasing soil 
erosion. The desurfacing experiment also showed a decline in crop yield, generally 
caused by the removal of the top 10 cm of soil. However, when the two studies were 
compared, yield reductions caused by actual erosion on the runoff plot study were found 
to be 16.25 times greater than those resulting from the desurfacing experiments. Lal 
(1985) attributed this to the selective transport of more productive soil components 
during erosion, something that could not be recreated by desurfacing and was far more 
damaging than simple loss of topsoil. During the desurfacing study, fertiliser was added 
to soils to examine if productivity could be regained after topsoil removal. No crop 
reaction to the fertiliser was found on the desurfaced soil, suggesting erosion can cause 
irreversible loss of productive potential. Both of these experiments were carried out on an 
Alfisol, an old leached soil prone to erosion. Lal pointed out that while many tropical 
soils are highly weathered and erosion prone (Alfisols, Ultisols and Oxisols), younger 
tropical and subtropical soils can withstand higher erosion rates, without the same 
productivity loss. It is, therefore, inappropriate to extrapolate findings from one soil type 
to another.  
 
Many of the estimates of soil erosion / productivity losses in tropical areas are anecdotal 
or are based on studies of erosion alone. Dregne (1992) collated such estimates in an 
attempt to assess productivity losses due to erosion in Asia. He found estimates of a 20% 
loss of soil productivity in central Nepal and a 4% per annum reduction in agricultural 
output for the whole of Java, due to soil erosion. Other areas mentioned were China, 
where large scale gullying is considered to have led to large permanent productivity loss 
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and Pakistan, where areas such as Baluchistan suffered huge amounts of soil erosion in 
the 1940s leading to loss of top-soil and, therefore, loss of productivity. Dregne 
concluded that information on soil erosion induced productivity losses in Asia is severely 
lacking and points to the need for more studies in this area. 
 
The lack of erosion / productivity data and the time involved in collecting such data have 
prompted many researchers to produce models which will predict productivity losses due 
to erosion and give “tolerable” levels of soil loss. Different models of varying complexity 
have been put forward with the aim of defining an acceptable level of erosion. One 
approach is to equate the natural rate of soil formation with the rate of soil loss using the 
equation:  
 T = D    Ps        2 (2) 
             (1-Ps) 
Where T = rate of soil loss,  
D = rate at which soluble materials are removed and  
Ps = proportion of the original bedrock remaining (with 1 indicating 100%) 
(Kirkby, 1980).   
This approach gives a level of “tolerable” soil loss, yet takes no account of loss of organic 
matter or nutrients and is therefore difficult to relate to crop productivity.  A model, 
which relates the annual soil erosion rate to productivity, was devised by Pierce et al. 
(1983). Annual erosion rate, plant water availability and selected soil properties must be 
known before crop productivity can be calculated.  
 
A more sophisticated model was devised in the USA, which linked many different 
components including economic factors, to predict productivity losses due to soil erosion. 
The Erosion Productivity Impact Calculator (EPIC) simulates erosion (using the 
Universal Soil Loss Equation), plant growth, soil nutrient losses and economic 
consequences of erosion. The model operates in steps of individual days and can simulate 
hundreds of years, if necessary. The model was designed to determine erosion 
productivity impacts in the USA and has been used successfully to this end (Williams and 
Renard, 1985). Its applicability outside of the USA, in tropical or sub-tropical conditions, 
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has not been proven. Another model (PERFECT), operating on a similar principle to 
EPIC, was developed in Australia (Littleboy et al., 1992). This model was tested on a 
data set from an Indian Alfisol and was found to give a good simulation. The study 
showed that one of the best strategies for controlling sorghum productivity loss caused by 
erosion in this area of India was the application of straw mulch as a surface treatment. 
The model predicted that an application of at least 3.5 t ha-1 of rice straw was needed to 
maintain productivity levels for a period of 89 years (Littleboy et al., 1996). 
 
2.4 Contour Cultivation as a Soil Conservation Measure 
Contour cultivation is the practice of carrying out all tillage and other operations across 
the contour, as opposed to up and down the slope. Additional measures, such as contour 
bunding and terracing can also be employed, often with greater soil conservation effects. 
However, these are more labour intensive and will not be discussed here. Studies have 
shown contour cultivation to reduce runoff and erosion rates effectively on slopes of ≤ 6° 
(Bhatia and Choudhary 1977; Neal 1963), and to a lesser extent steeper slopes (Narayana 
1987, Shui et al., 1989). Bhatia and Choudhary (1977) carried out an erosion plot study in 
India on a 2.2% slope where they cultivated Jowar and Barley down the slope and across 
the contour. Plots were 25 x 4.65 m (116.25 m2). They found contour cultivation reduced 
soil loss by 63% and runoff by 28.5% compared to downslope cultivation. Kukal et al. 
(1993) reviewed soil conservation techniques in submontane Punjab, India and found 
examples of contour cultivation reducing soil loss by 54%. In the 1960s the United 
Nations carried out a collaborative project which studied soil erosion control methods in 
nine countries. The study found reductions of up to 50% in soil loss due to contour 
planting on slopes of 4-6° (Neal, 1963).  Morgan (1995) also reported a 50% reduction in 
soil loss on slopes of 4.5° when contour cultivation was used, but concluded that extra 
measures may be needed on slopes > 4.5°. Fullen et al. (1996) found contour cultivation 
to reduce runoff and soil loss in Yunnan when combined with a range of soil conservation 
measures. The effectiveness of contour cultivation as a soil conservation measure 
depends on soil type, climate, aspect, slope angle, crop and slope length. Most studies 
mentioned above used plots with relatively short slope lengths compared to field sizes. 
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The effectiveness of contour cultivation as a soil conservation measure declines with 
increasing slope length up to 180 m for a 1° slope, 30 m for a 5.5° slope and 20 m for a 
8.5° slope (Morgan, 1995). Van Vliet and Hall (1993) found contour cultivation of 
brussel sprouts produced more runoff than downslope cultivation, which they attributed 
to water building up behind the contours and then breaking through.  
 
2.5 Straw Mulch as a Soil Conservation Measure 
Mulching is the practice of covering the soil surface with a material usually for the 
purpose of preventing erosion or improving conditions for crop growth by suppressing 
weed growth and conserving moisture. Many different types of material have been used 
for mulch, ranging from plastic and stones, to grasses and farm yard manure and several 
studies have been carried out on their comparative merits (Jennings and Jarrett, 1985; 
Lawrence, 1992; Omoro and Nair, 1993; Kitou and Yoshida, 1994 and Russo et al., 
1997). On agricultural land, crop residues such as straw, are an obvious choice for mulch 
material, especially in instances where the land sustains more than one crop a year, 
providing crop residue for mulch material. Many studies have considered straw mulch as 
a soil and water conservation measure. Studies have been conducted in both temperate 
and tropical climates, using various rates of mulch application. Of the temperate studies, 
one of the most comprehensive was carried out by Mannering and Meyer (1963) in the 
USA. They used a rainfall simulator to study the effects of five different applications 
rates of wheat straw on soil loss. Plots used were 3.7 x 10.7 m and 159 mm of rainfall 
was applied 3 times over 3-days. They found that the higher the mulch application rate, 
the more soil loss was reduced up to a  rate of  0.8 t ha-1 which reduced soil loss by 100%, 
even after the third simulated rainfall event. Mannering and Meyer (1963) believed straw 
mulch reduced soil loss by decreasing soil detachment and surface sealing, leading to 
increased infiltration.  
 
Singer et al., (1981), also in the USA, showed that straw mulch did indeed reduce surface 
detachment. They used micro-plots (30 x 30 cm) and a rainfall simulator to measure 
splash detachment and found a linear relationship between percentage cover with mulch 
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and sediment removed by raindrop splash.  The plots used by Singer et al. (1981) were 
too small to determine the effects of straw mulch on rill erosion. This was, however, 
investigated by Leyte et al., (1997). Straw mulch was applied to post harvest potato 
furrows and simulated rainfall applied for 20 minutes. They found straw mulch 
diminished rill formation in the furrows and, therefore, reduced soil loss.  
 
Results from temperate soil erosion studies cannot always be extrapolated to the tropics 
or sub-tropics due to differences in cultivation practices, rainfall erosivity and soil 
erodibility (Section 2.2). In the case of straw mulch, several studies in the tropics are in 
agreement with temperate studies and have shown straw mulch to be a highly effective 
means of reducing soil loss. Much work into the effects of straw mulch has been carried 
out at The International Institute for Tropical Agriculture in Ibadan, Nigeria. An 
experiment was established in 1970 with 20 (25 x 4m) runoff plots built on slopes of 1, 5, 
10 and 15% (Lal, 1976a). Maize was sown down slope, with some plots being mulched 
with rice straw at a rate of 6 t ha-1. After four growing seasons, it was found that 
mulching reduced runoff by 99.25% compared with non-mulched plots, even on the 15% 
slope (Lal, 1976a). A second experiment considered the effects of straw mulch on newly 
cleared uncultivated land, which was previously forested. Mulch was applied to runoff 
plots at four different rates, with the highest rate being 12  t ha-1.  Over two years, the 12 t 
ha-1 mulch rate reduced runoff and soil loss by 100%. The next mulch rate, 6 t ha-1 
reduced runoff by 95% and soil loss by 99%. Lesser mulch rates reduced soil loss by 
decreasing amounts (Lal et al., 1980). From these two studies, it appears that a mulch rate 
of 6 t ha-1 can offer adequate protection against soil loss in the conditions experienced at 
Ibadan and that, rates greater than this, offer little further protection. This varies 
considerably from the 0.8 t ha-1 rate found to be effective in a temperate climate by 
Mannering and Meyer (1963), but agrees with the 70-75% coverage rate (equivalent ~ 5 t 
ha-1) suggested by Morgan (1995). Morgan (1995) cites several studies, which indicate 
that the rate of soil loss decreases exponentially with an increase in the percentage area 
covered by mulch, but that >75% coverage can retard crop growth (Lal, 1977; Laflen and 
Colvin, 1981; Norton, et al., 1985). 
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Lal (1980) pointed out the difficulties of using mulch in a tropical environment where 
decomposition rates are high and the majority of rain falls in intense short events. Foster 
et al. (1982), in a U.S. study, noted that straw mulch alone can be prone to removal in 
heavy rain storms, suggesting that it would be much more effective when used in 
combination with contour cultivation in tropical and sub-tropical areas. Other studies in 
the tropics, which have shown straw mulch to be an effective soil conservation measure, 
include Khera (1998), who showed a 6 t ha-1 application of straw mulch to substantially 
reduce soil loss in the Indian Punjab. Hadda and Sur (1989), also in the Indian Punjab, 
showed a 4 t ha-1 straw mulch rate reduced soil loss by 71.7%, Oh Se Jin et al. (1998) 
found straw mulch to effectively reduce erosion in an apple orchard in Korea and 
Oliveira et al. (1987) found straw mulch in combination with surface pitting reduced 
runoff in Brazil.  
 
A wide range of climatic conditions are experienced in China, therefore, studies on the 
effects of straw mulch have been carried out in both temperate and tropical conditions 
within the country. A review of research work into soil conservation techniques in China, 
(including mulching), was carried out by Tang and Zhang (1996). They described how 
mulching is used more extensively in northern China, where a single crop per year is 
grown, compared with the south, where two crops a year are grown. This led to more 
research work being carried out in the north of the country. Tang and Zhang cite a study 
in Shaanxi Province, northern China, which showed straw mulch to significantly reduce 
soil loss (Huangcheng and Siming, 1991). The study showed a 6 t ha-1 wheat straw mulch 
application to reduce soil loss by 88.4% and 3 t ha-1 to reduce soil loss by 86.6% on a 5° 
slope. They also measured soil loss on a 25° slope and found a 6 t ha-1 straw mulch 
application reduced soil loss by 90%, whereas 3 t ha-1 reduced soil loss by 69%. This 
study indicates that in the climatic conditions experienced in Shaanxi, the effectiveness of 
straw mulch as a soil conservation measure depends on slope angle.  
 
Tang and Zhang (1996) also cited research work by ‘The Shanxi Research Group on 
Cultivation for Rain-fed Agriculture’ (1991), that has been carried out in Xian into the 
effects of using whole corn stalks as mulch. The work found a mulching rate of 7.5 - 15   
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t ha-1 reduced soil loss by 58.8%, a lesser value than found with wheat straw in Shaanxi 
Province. This suggests choice of mulch material can be important. Wheat straw is a 
more suitable mulch material than maize stalks, as it is more uniformly incorporated into 
the soil, consists of smaller units and forms a better contact between the soil and the 
mulch (Morgan 1995). Tang and Zhang (1996) identified that the practice of mulching a 
crop with stalks of the same crop has recently become less widespread in China, in recent 
years as the practice can lead to the spread of disease.  
 
Only one study in southern China, which has shown straw mulch to significantly reduce 
soil loss, is mentioned in the review by Tang and Zhang, this was in Sichuan Province 
(Fan et al.,1991). Mulching was considered in conjunction with multi-cropping systems 
and no-tillage. Soil loss was reduced by 33.4% compared with a conventional cropping 
system. Another study in the southern China was carried out in Yunnan, at Yunnan 
Agricultural Science Institute. Maize was cultivated in two ways, the first using 
traditional tillage without straw mulch and the second using minimum tillage with straw 
mulch at a rate of 7.5 t ha-1. Soil loss resulting from a total of 50.6 mm of rain for the 
mulched treatment, was 99.9% lower than for the unmulched control. The reduction was 
due to a combination of minimum tillage and straw mulch. A further study would be 
needed to separate the effects of the two. In the paper, the method of measuring soil loss 
is not specified, making comparison with other studies difficult (Fan et al., 1991). Fullen 
et al. (1996) showed straw mulch to reduce soil loss and runoff on three different slope 
angles in Yunnan Province, details of this work are given in Chapter 1, Section 1.3. 
  
2.6 The Effects of Contour Cultivation and Straw Mulch on Crop Yield 
In addition to the reduction in erosion resulting from contour cultivation, Bhatia and 
Choudhary (1977) also found contour cultivation to increase yield. They found that with 
no fertiliser inputs, contour cultivation increased jowar yield by 25% and barley by 15%, 
compared to downslope cultivation. With fertiliser inputs, yields were increased by 29 
and 26% for jowar and barley, respectively, by contour cultivation.  Several studies have 
shown positive yield effects from straw mulching. Lal (1976) showed 4 t ha-1 of rice 
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straw mulch increased maize yield by 47% in 1970 and 50% in 1971. Maurya and Lal 
(1981) found less consistent results with 6 t ha-1 of rice straw. They grew maize under 
mulch for two seasons in 1976 and 1977. In the first year, yield increased by just 6% in 
the first season and 164% in the second. In 1977, results were more consistent, with an 
increase of 17% in the first season and 10% in the second. Different results were 
attributed to different weather conditions. 
 
Mbagwu (1991) considered the effects of different rates of straw mulch application on 
maize yield and found yields increased by 80% with 4 t ha-1 of mulch, compared with an 
unmulched control. He also found a significant yield increase with 2 t ha-1 which was 
more pronounced during dry seasons. Tian et al. (1993) examined the effects of different 
mulch materials on maize yield. They found 5 t ha-1 of maize stems significantly 
increased maize yield, whereas the same application rate of rice straw had no effect, in 
contrast to the findings of Mbagwu (1991).  All these studies considered the effects of 
mulching on maize yield when mulch was applied for the entire growing season. 
However, mulch decomposition can be rapid in tropical climates and mulch applied at the 
beginning of a season may not be present at the end. Aina (1981) investigated the effects 
of applying mulch at different times during the growing season on maize yield.  He found 
the longer the delay in mulch application, the smaller the yield increase. Mulching for the 
entire season, resulted in a yield increase of 62%, whereas mulching for 7 days increased 
yield by just 13%. The study points to the importance of mulch effects on early seedling 
growth, which can be translated into yield effects. 
 
The effects of mulching on crop yield varied according to soil type (Gajri et al.,1994). 
Mulch was applied to a sandy loam and a loamy sand, in India, at a rate of 6 t ha-1. On the 
loamy sand, a significant yield increase was noted. However, on the sandy loam in the 
same year mulching actually reduced yield. They attributed the different yield reactions 
to different mulch effects on soil temperature and moisture, which varied with soil type. 
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2.7 The Effects of Contour Cultivation and Straw Mulch on Soil Physical Properties 
 
In this review, the term ‘soil physical properties’ includes effects on soil temperature and 
moisture. Studies on the effects of contour cultivation on soil physical properties are few. 
Wu and Liu (1996) attributed yield increases in maize under contour cultivation to 
increased soil moisture, as did Bhatia and Choudhray (1977). However, data were not 
given in either paper. Barton (2000) found bulk density to be less under contour 
cultivation than downslope cultivation for conventionally tilled and non-tilled plots, on 
slopes of 3° and 10° after one cropping season. However, for plots that were intercropped 
with soybean or mulched with straw or plastic, cropping direction made no difference to 
bulk density. 
 
Far more studies have been carried out on the effects of surface mulching with straw or 
other plant residues on soil physical properties. The presence of a surface mulch can lead 
to many changes in soil physical properties e.g. changes in soil temperature (by absorbing 
incoming radiation and trapping out going heat), changes in soil moisture by preventing 
evaporative loss, changes in infiltration, percolation, aeration, compaction and 
aggregation (Stiger, 1984). In tropical countries, mulches are often used as a means of 
reducing soil temperature and increasing soil moisture. Many of the mulching 
experiments carried out at the International Institute of Tropical Agriculture in Nigeria 
illustrated these effects. From 1970-1972, an experiment determined the effects of 
mulching on soil temperature and moisture for an Alfisol planted with maize. For the first 
two years, rice straw was used (4 t ha-1) and in the third year forest litter. Mulching 
decreased daily maximum soil temperature at depths of 5, 10 and 20 cm by 7.2, 3.6 and 
2.6°C, respectively, 20 days after sowing.  Mulching also delayed the time at which daily 
maximum temperature occurred by about one hour. Soil moisture was increased in 
mulched plots at  0-10 and 10-20 cm depths and over the 3 year period and mulching 
increased soil water holding capacity (Lal, 1974).  
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A second experiment was carried out from 1976 to 1977 at the same Institute, this time 
on uncultivated plots with 0, 2, 4, 6 and 12 t ha-1 of rice straw applied as a mulch. Soil 
temperature measurements were reported for one day only and it was found that during 
this day, mulch decreased soil temperature at times of high air temperature and increased 
soil temperature at times of lower air temperature. Soil moisture was measured more 
frequently than in the previous study and significant differences were found between 
mulched and unmulched plots 10-20 days after heavy rainfall. The eight week mean soil 
moisture (w/w) measured between November and December 1976 was 7, 9, 10, 12 and 
13% for 0, 2, 4, 6 and 12 t ha-1, respectively, increasing with increasing mulch rate. In 
this study, other soil physical parameters were also measured. Total porosity was lower in 
the unmulched control and higher in all mulched treatments, apart from the 2 t ha-1 
treatment. The 0 and 2 t ha-1 mulch rates had higher micro-porosity than the other 
treatments, but lower macroporosity. Bulk density was measured at the end of the 
experiment and significantly decreased with increasing mulch rate ≤ 6 t ha-1, after which 
no significant effect was found (Lal et al., 1980). A latter study on the same site also 
found mulching to significantly reduce soil bulk density in addition to reducing 
penetration resistance (Franzen, 1994). Both of these studies contradict the results of 
Mannering and Meyer (1963), who reported no significant effects of mulching on bulk 
density in a temperate climate. 
 
Maurya and Lal (1981) investigated the effects of mulch on soil physical properties in 
plots planted with maize and cowpea. Plots were mulched with 6 t ha-1 of rice straw. 
Diurnal soil temperature was measured and it was found that temperature fluctuated 7°C 
in a day on mulched plots, whereas on unmulched plots it fluctuated 10°C, showing the 
ability of mulch to stabilise soil temperature. Mulched plots also had on average 2% 
greater soil moisture than unmulched plots.  
 
Other studies into the effects of mulching on soil physical properties have been carried 
out at other locations in Nigeria and in some cases have given conflicting results 
(Mbagwu 1991; Aina 1981). Mbagwu (1991) examined the effects of mulching on plots 
sown with maize and cowpea. Like Lal et al. (1980), Mbagwu used a range of mulching 
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rates, however unlike Lal et al. (1980) this study found no significant improvements in 
bulk density, porosity or aggregate stability beyond the lowest mulch rate of 2 t ha-1. 
Mbagwu concluded that a 2 t ha-1 mulch rate could significantly improve soil physical 
conditions, compared with an unmulched control, but that mulching rates greater than this 
offered no further advantage. It has, however, to be noted that whilst Lal et al. (1980) 
used rice straw, Mbagwu used elephant grass, which could explain the different results. 
Another study at the University of Ife, Nigeria, investigated the effects of mulching on 
soil physical properties and yield (Aina, 1981). A mulch rate of 5 t ha-1 elephant grass 
was used. Soil temperature was lower on the mulched plots than unmulched at 5 cm 
depth and did not rise >32°C (the critical upper temperature for maize), unlike the 
unmulched plots, which frequently went above this temperature. Soil moisture on 
unmulched plots came close to permanent wilting point on several occasions, but did not 
on mulched plots. The authors found that improvements in soil physical properties in the 
top 15 cm of the soil due to mulch, led to enhanced root proliferation, especially early in 
the growing season. 
 
A recent study in India considered the effects of mulching in combination with 
conventional and no-tillage on soil physical properties, which may present impedance to 
root growth and moisture extraction (Rathore et al., 1998). Mulching was carried out at a 
rate of 8 t ha-1 and applied between rows of mustard and chickpea crops. For both types of 
tillage, mulching significantly reduced soil penetration, which led to a 3-5% increase in 
root growth. Mulch lowered soil temperature by 0.8–3.0°C, bringing soil temperature 
closer to optimum conditions for chickpea and mustard growth. Another study in India, in 
contrast to the study by Rathore et al. (1980), considered the effects of straw mulch in 
conditions of ample water supply (Sandhu et al., 1986). This study found a mulch 
application of 6 t ha-1 to have no effect on soil moisture, yet significant increases in both 
crop growth and grain yield were found, suggesting straw mulch benefited properties 
other than soil moisture (Sandhu et al., 1986). 
 
In China, the benefits of straw mulching on soil physical properties have been 
documented. In Shanxi Province, studies carried out by local agricultural research offices 
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demonstrated the benefits of mulching on soil moisture, leading to the practice of 
mulching being adopted on 3000 ha of land in the Province (Tang and Zhang, 1996). One 
study in Shanxi examined the effects of 4.5 t ha-1 of wheat straw mulch on stored water in 
fields under wheat/maize rotation (Zhao et al., 1996). They found water storage in the 0-
200 cm layer was 47.8% greater for mulched plots during the winter wheat season and 
69.3% greater in the summer season. Also in Shanxi, Fan Xiwu et al. (1993) found 7.5 t 
ha-1 of wheat straw increased soil moisture by 5.2 %, compared with unmulched plots. 
This was accompanied by decreased bulk density and an increased soil temperature of 
3.4°C. These three changes led to more successful seedling establishment in the mulched 
plots compared to the unmulched.  
 
As mentioned in Section 2.4, China covers a wide range of climatic conditions and, 
therefore, effects of straw mulch on soil temperature and moisture differ throughout the 
country. In Hebei Province, mulch applied at the rate of 5.3 t ha-1 had no significant effect 
on soil moisture, unless used on fields where stubble had not been removed from the 
previous crop. It also significantly increased soil temperature and accelerated seedling 
emergence (Sun et al., 1996). In Henan Province, wheat chaff was used as a mulch at five 
different application rates. Significant increases in soil moisture were found under mulch 
plots after rainfall, but not during drought periods, suggesting the mulching material 
prevented evaporation from the soil in the short term only (Li Yuyuan et al., 1994). In 
Lanzhou, Cao and Lii (1994), found straw mulch applied at 6 t ha-1 increased soil 
moisture, but only at the beginning or end of the season, when the canopy was developing 
or declining. Very few studies have considered the effects of mulching on soil physical 
properties in the subtropical climate of Yunnan. Barton (2000), working on plots planted 
with maize in Yunnan, found straw mulch improved infiltration compared with no-mulch 
treatments. However, there were problems with the method used, which was not suitable 
for steep slopes. He also found straw mulch increased aggregate stability compared with 
the control treatment.  
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2.8 The Effects of Contour Cultivation and Straw Mulch on Soil Chemical      
Properties 
The effects of contour cultivation on soil chemical properties are usually indirect. On 
sloping land, contour cultivation can reduce runoff and soil loss and, therefore, reduce 
nutrient loss (Section 2.3). This was shown by work in India, where contour cultivation 
reduced losses of total N, available N, total P, available Ca, available Mg and soil organic 
matter by 4.2, 10.9, 12.1, 673.7, 126.3 and 74.7 kg ha-1, respectively, compared with 
downslope cultivation (Bhatia and Choudhary, 1977). Contour cultivation can also 
change soil physical properties (Section 2.5), which in turn changes soil chemical 
properties. Changes in infiltration and surface storage, brought about by contour 
cultivation, can alter conditions for soil micro-organisms, leading to changes in their 
activity and consequently soil nutrient status.  
 
As with soil physical properties, far more studies have been carried out into the effects of 
mulching on soil chemical properties than the effects of contour cultivation on soil 
chemical properties. Mulching can alter soil chemical conditions both directly and 
indirectly. In the same way as contour cultivation, indirect effects can occur due to mulch 
reducing runoff and soil loss and, therefore, conserving nutrients. A study in India found 
total N and available P in eroded sediment to be 60% less from mulched than unmulched 
plots (Kukal et al, 1993). Mulching can also cause chemical changes by altering soil 
temperature and moisture and other soil physical properties, which affect microbial 
activity. More direct effects of mulching on soil chemical conditions can result from  
decomposition of mulch material. The inputs made to the soil from a mulch material 
depend on the mulch composition and the climate. Mulch materials with a high isohumic 
factor, such as wheat straw, can increase soil organic matter content (Morgan, 1995). 
However, such materials can take a long time to decompose and, therefore, the benefits in 
a temperate climate may take a long time to manifest. Other mulch materials with a low 
C/N ratio tend to decompose more quickly and can increase N in the soil. Tian et al. 
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(1993), considered the effects of different mulch materials on soil nutrient status in 
Nigeria. They applied three types of tree prunings, maize stover and rice straw, as mulch, 
to a maize crop. They found mulching with maize stover and rice straw (both of which 
had a high C/N ratios) increased mineral N levels above the unmulched control in the first 
two weeks, but then decreased levels to below the control for the majority of the growing 
season. This effect was probably due to decomposer micro-organisms using soil mineral 
N. Situations can arise where decomposition of a mulch material competes for soil N with 
the crop (Morgan, 1995). Tian et al., (1993) did, however, find that mulching with maize 
stover and wheat straw increased K uptake by the maize crop by 24 and 43% 
respectively, compared with the control, indicating mulching led to an increased K in 
either the soil or soil solution. 
 
Mulching with rice straw has also been shown to influence soil K (Lal et al., 1980). 
Mulch rates of 2, 4 and 6 t ha-1 had progressively higher soil K than the unmulched 
control when measured 12 and 18 months after the start of the experiment. No significant 
effects were found on soil Ca or Mg. This study was carried out on newly cleared land, 
which had been previously forested. Organic matter on all plots decreased after clearing. 
However, on the mulched plots this occurred much more slowly than on the control. In 
another study at the same location, soil organic matter on cultivated mulched plots was 
found to be almost double that of the control at the end of the growing season, when an 8 
t ha-1 mulch rate was used (Mbagwu, 1991). 
 
In Ningxia, China, the effects of five different rates of straw mulch on soil chemical 
properties were considered over 3-years. Straw was mixed in with the top-soil, rather than 
used as a surface mulch.  Over the three years, results were conflicting. In 1990 soil 
organic matter content increased above the control with mulch application rates of 3 and 
4.5 t ha-1, after which no advantage of increasing mulch rate was evident. In 1991 and 
1992, soil organic matter increased with increasing mulch rate up to the maximum 
application rate of 7.5 t ha-1. In 1990, NH4 actually decreased with increasing mulch rate, 
whereas in 1991 the opposite effect was found. Available P increased with increasing 
mulch rate for the last two years of the study, but not for the first (Du Shouyu et al., 
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1994). This study illustrates how the effects of mulch on soil chemical properties are very 
much dependent on other conditions, such as year to year weather variation. 
2.9 Maize Growth:  A General Overview 
In Sections 2.6 and 2.7, the effects of contour cultivation and straw mulch on soil 
physical and chemical properties were discussed. Before considering how these changes 
may in turn effect maize productivity, it is necessary to give a brief overview of maize 
growth and physiology. Zea mays is a member of the Gramineae family. However, it 
differs in structure from most grasses, firstly, because it uses the C4 pathway of 
photosynthesis (Hesketh and Musgrave, 1962) and secondly, because it has unisexual 
flowers (Cobley, 1976). Generally male flowers are situated at the top of the plant and are 
known as the tassel. Female flowers are formed in ears, which appear on the middle of 
the stem (Cobley, 1976). The main stem of the maize plant forms in sections, the majority 
of growth occurring at the base of each section. The sections join at ‘nodes’ and it is at 
the base of these that leaf formation occurs.  Primordia are internodal areas on grasses 
where tillerings normally occur. However, on maize they are usually found in the mid-
section of the plant and form the female flowers or ears. In some varieties, tillering may 
occur at the lowest primordia. However, this is the exception rather than the norm 
(Yamaguchi, 1974). 
 
The final structure and rate of development of the maize plant depends on the plant’s 
genetic make up and environmental pressures. The developmental stages of maize can be 
summarised as follows: 
 
1. The plant emerges from the soil with the formation of the coleoptile and  
radicle. 
2. In the next 4 weeks, the stem develops all the nodes and internodes that will be 
present on the mature plant. 
3. The stem elongates, by the time the 16th leaf has appeared, tassel formation has 
occurred. 
 4. The silks on the end of the female ears emerge. Tassel formation is complete. 
 5. Cobs develop and grain formation begins. 
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 6. Grain filling occurs. 
 7. Grain looses its dough like appearance 
 8. The grain is hard and the plant is mature. 
(Based on Hanway, 1971) 
 
 
Root structure and development  
When the maize seed first germinates, the coleoptile and radicle are produced 
simultaneously. The radicle grows downwards and is swiftly followed by the production 
of seminal roots, which serve to anchor the seed in the soil. Seminal roots grow 
downwards in a diagonal direction (Purseglove, 1979). When the plant has produced 
between 4 and 7 leaves, it will produce secondary roots. These roots develop from the 
subterranean nodes of the stem and are termed crown roots. By the time the plant has 
eight leaves, the root system will have reached a depth of ~40 cm (Purseglove, 1979). 
From this time on, lateral root growth begins and is extensive until a couple of weeks 
before tassel emergence, when it subsides. These laterals are responsible for the majority 
of nutrient and water uptake by the plant.  At about the time of tasseling, brace roots 
develop, these are roots originating from the nodes of the stem immediately above the 
ground (Fischer and Palmer, 1984). The main purpose of brace roots is to support the 
stem. The majority of root development occurs before tasseling, so the length of time 
between emergence and tasseling is very important in determining the size of the root 
system. When the plant begins flowering, roots start to die off, although some new roots 
are still being produced. At grain filling, the root system is declining (Purseglove, 1979). 
  
2.10 Maize Growth as Influenced by Soil Physical Properties  
Compaction 
Soil compaction can lead to changes in bulk density and, therefore, porosity and aeration. 
This can affect maize growth by reducing the availability of water, nutrients and air, and 
mechanically restricting root growth. Boone and Veen (1982) studied the effects of 
compaction on maize root growth. Soil was artificially compacted to different densities 
and sown with maize seedlings. The total weight of maize roots produced was unaffected 
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by increased resistance. However, roots grew horizontally rather than vertically, 
increasing the percentage of plant roots in the soil surface. Root morphology was also 
changed, with decreased length and increased diameter for roots growing in compacted, 
compared to non-compacted soil. Nutrient uptake was restricted in plants growing in 
compacted soil, as was shoot growth. In this study, bulk density was artificially increased 
by compacting the soil with a machine. Increase in bulk density due to erosion is likely to 
be accompanied by a change in particle size distribution and is, therefore, more complex 
than the situation presented here. 
 
A field study in Illinois, USA, also found an increase in maize root growth in soil surface 
layers with increased compaction. The study considered increases in compaction due to 
different tillage operations and found 35% of maize roots to occur at the 60-100 cm level 
in non-compacted soil and just 5% in compacted soil (Varsa et al., 1997). The changes in 
maize root morphology due to increased bulk density found by Boon and Veen (1982), 
were also found by Seiffert et al. (1995) in a study, where three levels of bulk density 
were considered (1.2, 1.4 and 1.6 g cm-3). Root radius increased with increasing bulk 
density and the ratio of total root length to shoot dry mass decreased. Potassium uptake 
decreased at a bulk density of 1.6, but not at 1.4 or 1.2 g cm-3 (Seiffert et al., 1995).  
 
Soil temperature  
The effects of air temperature on maize seedlings have been studied to a larger extent 
than the effects of soil temperature. Yet soil temperature plays an important role in plant 
growth and development. It is worth pointing out that soil temperature effects are closely 
related to soil moisture content and visa versa (Landon, 1991). However, here they will 
be discussed in two sections. Maize seedlings germinate when soil temperature at a depth 
of 5 cm reaches 15°C. After this, a soil temperature of 20°C is optimum in terms of dry 
matter accumulation, although this is dependent on other factors. Root elongation in 
maize has been shown to be linearly related to soil temperature in the range of 10-30°C. 
Maize root elongation will not occur > 32°C and < 9°C (Waldren, 1983). The reaction of 
maize to soil temperature is influenced by the fact that the shoot base is subterranean. The 
temperature of the shoot base can determine the way in which maize reacts to changes in 
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root zone temperature, yet it is only recently that this interaction has been explored 
(Engels and Marschner, 1996a and 1996b). 
 
Walker (1969) illustrated the importance of soil temperature for maize growth. A system 
was devised whereby maize was grown in an enclosed chamber, which stood in a heated 
water bath. Soil temperature was controlled fairly accurately by this method and 
temperatures could be altered by 1°C increments. Soil temperature ranged from 12 to 
35°C. Root and shoot dry weights were greatly affected by soil temperature, with 
maximum production occurring at 26°C. Between 12 and 26°C, dry matter production 
increased by 20% for each 1°C rise in soil temperature. Above 26°C, dry matter 
decreased by an equally dramatic 12% for each degree. At temperatures ≥21°C, plants 
increasingly showed symptoms of a disorder similar to calcium deficiency, having rolled 
up gnarled leaves. Nutrient content of total plant dry matter was also affected by soil 
temperature. N in total plants increased when soil temperature was between 12 and 18°C, 
decreased between 18 and 26°C and increased again between 26 to 34°C. This could have 
been because at the optimum soil temperature, higher growth rates led to more efficient 
use of N. Mg was higher in plants grown at intermediate soil temperatures. P in plants 
decreased from 12 to 25°C and increased ≥ 25°C (Walker, 1969). 
 
Engels and Marschner (1996a,b) studied the effects of root zone temperature and shoot 
base temperature on nutrient uptake in maize. Engels and Marschner (1996a) measured N 
uptake, this paper is discussed in Section 2.10. A separate study considered micro-
nutrients (Engels and Marschner, 1996b). Maize plants grown in either nutrient solution 
or soil of varying temperatures showed changes in micro-nutrient uptake, depending on 
root zone and shoot base temperatures. At low root zone temperature, movement of Mn 
and Zn to the shoots was restricted. When shoot base temperature was high and root zone 
temperature low, translocation of Mn and Zn was even further restricted. This was 
aggravated by the fact that high shoot base temperature increased shoot growth, 
increasing the demand for Zn and Mn. In situations where maize is grown under mulch, 
this could have serious implications for Mn and Zn uptake, especially if these nutrients 
are not amply supplied (Engels and Marschner, 1996b). 
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 One area which has been studied very little in plant roots in general, is thermotropism. 
However, evidence for thermotropism in maize has been illustrated by U.S. scientists 
(Fortin and Poff, 1990). They grew maize roots on agar plates, which were placed in a 
vertical position. A heat source was then placed along side the plate also vertically. It was 
found that the roots curved towards the heat source, thus displaying thermotropism. Up to 
26°C roots curved towards the heat source, whereas at 26 to 32°C no curving was 
observed. Fortin and Poff (1990) found evidence that the curvature was not due simply to 
an effect of temperature on growth on one side of the root, but was rather an active 
response to a stimulus. However, they could not be entirely sure that a humidity gradient 
had not developed inside the petri-dish and that what they were observing was a reaction 
to this (Fortin and Poff, 1990). If such an effect does exist, root growth in maize 
cultivated in rows could be greatly effected, as inter-row soil temperatures are different 
from within row soil temperatures, in the early stages of canopy development. Likewise, 
inter-row treatments, such as the application of surface mulches, would change root 
growth patterns. 
 
Soil moisture 
Maize requires adequate water supplies to achieve maximum yield. Maize root elongation 
rate increases with both increasing soil water content and decreasing soil water tension. 
Soils which can hold large amounts of water, therefore produce higher maize yields. 
Water consumption in maize peaks shortly after silking, it then gradually declines until 
~120 days after planting, when it levels out at 25% of the value it was during silking 
(Waldren, 1983). Water stress in early growth can delay flowering and, therefore, yield 
production (Wrigley, 1969). However, the most crucial times in terms of water 
availability (apart from germination) are during flowering and grain formation (Claasen 
and Shaw, 1970). Maize can expand its root system if water is limited, and in well-
drained soils there is a linear relationship between root density and soil water. 
 
Water uptake in maize under conditions of ample water supply was modelled by Novak 
(1994). An equation was derived which linked several root characteristics, such as root 
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length, mass and depth to water uptake. He found that the overall water uptake of maize 
roots could be established from the transpiration rate, soil moisture properties and root 
properties. It was also found that maximum water extraction rate was proportional to 
relative root density at any given depth, so measures of root density could be used to 
estimate water uptake (Novak, 1994). This study was unusual in that it considered ample 
water supply.  There are a greater number of studies considering restricted water supply 
in maize.  
 
A Swiss study considered maize root anatomy in plants growing with restricted water 
supply (Weerathaworn et al., 1992). Plants were grown in tubes filled with sand with a 
moisture content of either 5 or 10% in each tube. After 2 weeks, they found changes in 
root anatomy to be only slightly affected by the lower water availability. Main root 
diameter reduced slightly and the number of seminal roots increased slightly in lower 
water availability. Generally, the number of nodal roots was lower in low water content. 
The study used a range of maize cultivars and genetic variation was found to affect root 
anatomy greatly. All cultivars considered were tropical, although some were known to be 
more drought-tolerant than others. One of the drought sensitive cultivars actually 
decreased in seminal root number under water stressed conditions, showing its inability to 
adapt to low water availability. It appeared that root anatomy did not alter greatly in 
response to 5% water availability, but there were changes in root growth by some of the 
drought tolerant cultivars  
 
2.11 Maize Growth as Influenced by Soil Chemical Properties 
 
Phosphorus 
Unlike nitrogen and potassium, the phosphorus requirement of maize is fairly consistent 
throughout the plant’s life. After flowering, the P requirement of maize remains the same, 
whereas the demand for other nutrients decreases dramatically. It has been estimated that 
one hectare of maize producing 5000 kg of grain will take up 50 kg of P2O5 during its life 
cycle, 35 kg of which will end up in the grain (Centre for Agricultural and Rural Co-
operation (CTA), 1987).  Phosphorus deficiency in maize occurs when soil P is <100 
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ppm. Signs of deficiency are a purple discoloration of the leaves and stems, stunted 
growth and delayed ripening. Phosphorus deficient plants quite often have missing 
kernels, due to pollination failure.  
 
The phosphorus requirement and, therefore, recommended phosphorus fertiliser 
application rate varies according to soil type and cultivar. It is also highly dependent on 
the system under which the maize is produced. Generally, in temperate areas maize is 
produced under highly mechanised high input systems. Rates of phosphorus application 
are designed to give maximum yields possible. In tropical and sub-tropical maize 
production, this is rarely the case and P fertilisation has to be economically viable in 
terms of the resulting increase in grain production (Purseglove, 1979). Determining the 
most economical rate can be complicated, this is evident from maize production in 
Africa, where response to P input varies widely (Purseglove, 1979).  
 
In order to determine an economical rate of application, an understanding of P 
availability in tropical soils is needed. Far less information exists on this in tropical than 
in temperate countries. One study attempted to find a relationship between available P in 
three different Nigerian soil types and the amount taken up by maize plants (Le Mare, 
1981). The study considered an Ultisol, an Entisol and two Alfisols under cultivation or 
bush. Phosphorus in both soil solution and soil samples were measured and related to 
maize growth.  It is usual in many tropical countries to measure P availability from soil 
solution level, as it is less expensive than measurements on soil samples. It was found, 
however, that soil solution P could only be related to the growth of young plants and no 
relationship existed with the growth of older plants. Soil sample phosphorus levels 
showed a much higher correlation with maize growth at all stages of development. 
Unfertilised cultivated soils had very little available P, especially if they had a history of 
cultivation. Le Mare (1981) quoted 0.2 μg P cm-3 as a previously recognised amount of P 
recommended in the tropics for maize cultivation. However, as this level was determined 
from soil solution analysis, the author acknowledged this was probably an overestimate, 
the actual amount could be as low as 0.1μg P cm-3.  
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In tropical soils the sub-soil is often low in P and, therefore, crops take the majority of 
their P requirements from the surface. In the case of maize, this does not present any 
problems, as the plant has extensive lateral roots and can adapt its root system to P 
availability. The relationship between P distribution in the soil and maize root distribution 
is, however, not straightforward (Zhang and Barber, 1992). Zhang and Barber (1992) 
used pot experiments to investigate maize root behaviour when part of the soil receives P 
fertiliser. It had been previously observed that maize plants take up more P when fertiliser 
is added to a portion of the soil, rather than uniformly through all of the soil. It appears 
that high amounts of P in a small area will stimulate root growth and P uptake in that 
area. If P is spread out, root growth is not stimulated in the same way and the increase in 
P uptake of the whole plant is much less. It, therefore, appears that small pockets of 
concentrated P fertiliser are more beneficial. Zhang and Barber (1992) studied this 
reaction on soils with inherent differences in P. They found that the greatest effect of 
partial fertilisation was found in soils with low inherent P and that maize roots react to 
the contrast in P availability in the fertilised and unfertilised areas. 
  
Soil chemical conditions can have significant effects on the ability of maize to take up P 
because they can change the form in which phosphorus occurs in the soil. Maize takes up 
P mainly in the form of H2PO4 which is taken up 10 times more rapidly than HPO4, 
which is also present in the soil. The relative abundance of these species is highly 
dependent on soil pH. Chen and Barber (1990) carried out an experiment to validate a 
nutrient uptake model produced by Barber and Cushman (1981). The experiment 
considered optimum soil pH in terms of P uptake by maize. Plants were grown in pots in 
a silt loam with a known P content. Soil was either acidified or limed. After 12.5 days of 
growth, the amount of P in the shoot and root material was measured. The optimum 
amount of P uptake occurred at pH 4.7. At pH 5.7 and 6.5, P uptake was just below 
optimum. Above pH 6.5, P uptake decreased to below one fifth of that achieved at pH 4.7 
and root and shoot growth were severely retarded. This was explained by the decrease in 
the amount of H2PO4 present in the soil and the increase in HPO4 that occurs in more 
alkaline conditions. In more acidic conditions (pH 3.8), growth and P uptake were also 
reduced again to one-fifth of the optimum. This could not be explained by a change in P 
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form and was, therefore, attributed to aluminium toxicity, although this was not verified 
(Chen and Barber, 1990).  
 
Friezen et al. (1980) also considered the effects of changing soil pH on P uptake in 
maize. They used two Nigerian Ultisols in a pot experiment, in which they added 
different amounts of P, lime and Zinc. They found P uptake increased with liming and 
this was due to increased root surface area. The increase in growth due to additional P 
depended on the level of liming and visa versa. At high lime and P together, plant shoot 
growth was reduced, but root growth was not. Optimum soil pH, in terms of P uptake in 
maize, obviously has to be considered in terms of other factors in maize production. In 
acidic soils, lime can be applied to counteract acidity and reduce Al toxicity. However, 
the above studies provide evidence that over-liming may reduce the ability of maize to 
take up P. This agrees with the results of a pot experiment, which found over-liming  
produced greater yield reductions in maize than acidity (Farina et al., 1980).  P uptake by 
the root system of maize is greatly influenced by mychorrizae. This topic is beyond the 
scope of this review. An overview of maize root/mycorrhiza interactions is given by 
Kothari et al. (1990, 1991). 
 
Nitrogen 
Maize has a high N requirement, which can very quickly lead to depletion of soil N 
reserves, if fertiliser is not applied. This was illustrated well by the Continuous Maize 
Experiment at Illinois Agricultural and Experimental Station, USA. Maize was grown 
continuously for several years without fertiliser inputs. Soil N levels were severely 
depleted after the first season alone (Purseglove, 1979).  The demand for N is high 
throughout the life of the maize plant, but rises considerably just before flowering, when 
it is needed to ensure normal ear formation (CTA, 1987). It has been estimated that under 
intensive cultivation, a hectare of maize producing 5000 kg of grain will take up 105 kg 
of N, over 70% of which will go into the grain (CTA, 1987). It is common practice in 
tropical maize production to add 33% of the total N fertiliser at sowing, to encourage 
early growth, and the remaining 66% when plants are ~45cm high before flowering 
(Purseglove, 1979). However, studies have shown conflicting results regarding the best 
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time to apply N fertiliser in order to increase yields. Bacon and Thompson (1984) found a 
one off early application of N fertiliser produced higher yields than continuous or late 
applications and Murwira and Kirchman (1993) found a late application produced better 
results. 
 
Severe N deficiency in maize is shown by a withering in a V shape towards the midrib of 
the leaf, which is often accompanied by a yellowing in this area. Low N can result in a 
low grain protein content (Bauer and Carter, 1986). As maize reacts so well to addition of 
N fertiliser, the recommended doses for temperate and tropical countries are fairly 
similar, between 30-160 kg  ha-1 in the USA and between 88-132 kg ha-1 in India 
(Purseglove, 1979). In temperate areas, where the costs of soil analysis poses less of a 
problem, application rates are more closely related to inherent soil N. In tropical areas, 
soil analysis is not always available, therefore, N application rates are determined from 
the history of the soil and knowledge of cropping history. It is rare in tropical and 
subtropical areas to grow maize continually on the same land. More often, maize is 
rotated with either a legume or a crop with a lower N demand, which increases the N 
uptake of subsequent maize crops (Zhou et al., 1997).  
 
Cultural practices greatly influence the N fertiliser uptake by maize. Sharma (1991) grew 
maize in India under varying tillage operations with two different rates of N application, 
with and without straw mulch. N fertiliser had the greatest effect under conventional 
tillage, compared with minimum tillage, presumably because N was incorporated into the 
root zone. Straw mulch increased the effect of additional N fertiliser on maize yield. 
Tillage differences are more likely to affect the form in which N occurs in the soil, rather 
than the amount of N per se. A US study considered the effects of four years of 
continuous maize production under different tillage methods and rates of N application 
(Staley, 1988). The study found NH4 to be higher in the soil surface under no-tillage and 
levels of NO3 to be higher in the surface under conventional tillage.  This changes N 
availability to maize, as maize is more likely to take up NO3, which is more easily 
dissolved in liquid surrounding the roots. It also changes the amount of N likely to be lost 
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due to leaching as NO3 is more easily leached, again because of its higher solubility 
(Staley, 1988). 
 
Maize root reaction to N fertiliser was considered in some detail in a study in The 
Netherlands (Schroder et al., 1996). Maize plants were grown in purpose-built rhizolabs 
where root growth could be observed. One of the findings was that at low temperatures, 
root growth and activity are restricted, possibly limiting the ability of the root system to 
efficiently take up N. The effects of root zone temperature on the form of N taken up by 
maize roots have also been studied.  Maize roots take up NO3
-
 and NH4+ through different 
mechanisms and NH4+ is assimilated into organic compounds in the root, unlike  NO3
-
. 
The study examined whether low root temperature would effect these mechanisms. Maize 
plants were grown in different nutrient solutions of varying temperatures in a controlled 
environment. It was found that overall, N translocation rates were initially retarded at the 
lower temperature, but that plants had acclimatised after 5-8 days. Low root zone 
temperature did not prevent roots from providing shoots with N, regardless of the type of 
N provided. An unexpected result was that the temperature at the base of the maize shoot 
greatly effected shoot demand for N, regardless of root temperature. Low shoot base 
temperatures restricted translocatrion of N from roots to shoots, limiting shoot growth, 
but not root growth (Engels and Marschner, 1996a).  The effect of shoot base temperature 
may be important in instances where maize is grown with a surface mulch, such as straw. 
The mulch may increase shoot base temperatures and thus encourage translocation of N 
from roots to shoots. 
 
Soil pH can have a marked effect uptake of N by maize roots, although reasons for this 
are unclear. Alkaline to neutral conditions have a stimulatory effect on nitrate reductase 
activity, which will increase NO3- uptake, whereas presence of  NH4+ or acid conditions 
has an inhibitory effect (Mengal et al., 1983). It has also been claimed, however, that 
NO3- uptake is favoured by more acidic conditions (McClure et al., 1986).  
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Potassium 
Potassium becomes limiting < 100 ppm in the soil and signs of deficiency may develop 
(CTA, 1987). Potassium deficiency in maize is shown by whitish yellow spots on the 
leaves, followed by scorching or browning of the leaf edges. Maize takes up less K than 
N, with 1 ha producing 5000 kg of grain taking up 75 kg of K2O. A third of this goes into 
the grain, as opposed to approximately three quarters of total plant N and P (CTA, 1987). 
In cases where organic fertilisers such as cattle manure are added, K is generally high and 
additional potassium is not required. 
 
In comparison with N and P, there have been fewer studies on potassium and maize. 
Seiffert et al. (1995), considered the effects of soil water content and bulk density on 
potassium uptake by maize roots. In the upper soil layers, K is generally high and the 
maize extracts K from here. However, as the soil dries out, roots are forced to take water 
from deeper layers, where potassium levels are low. In this study, maize was grown in 
pots with differing bulk densities and water contents, with high or low K applications. 
Bulk density only affected root growth in the early stages, after this relative root growth 
remained the same. Bulk density appeared to have a greater affect on root growth at high 
soil K, which was attributed to an unknown factor. Soil moisture had a much larger effect 
on K uptake and root growth than bulk density. Root growth was greater in the highest 
soil moisture treatment, as was K uptake. In low soil moisture treatments, K uptake was 
restricted by a reduction in K influx, as well as restricted root growth (Seiffert et al., 
1995). Other studies which have considered the effect of soil moisture on K uptake in 
maize, include Mackay and Barber (1985) and Mengal and Von Braunschweig (1972). 
 
The mechanism of K+ uptake in maize roots has been the subject of several studies and is 
still poorly understood. It is, however, apparent that there may be more than one transport 
mechanism and that the one used depends on soil K concentration. Kochian et al. (1989) 
considered K+ uptake at low K concentrations and found that the process of uptake was 
independent of soil pH, which is not the case when soil K is high. This was because the 
system of uptake at low levels did not involve a H+ exchange system (Kochian et al., 
1989).  
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Magnesium 
Magnesium is an essential element for maize, as it is in all plants, because it makes up 
part of the chlorophyll molecule. Mg deficiency, therefore, results in whitish or yellow 
stripes between the leaf veins, where chlorophyll is lacking. It is also needed as an 
enzyme activator in phosphate transfer. In tropical soils, magnesium can often be the 
limiting nutrient to maize production, especially if N, P and K are added in substantial 
amounts. Mg deficiency is associated with acidic, sandy or highly leached soils. It is, 
therefore particularly relevant to soils which may be subject to erosion (Landon, 1991).  
 
Mg deficiency in maize production was recognised as a potential problem by the National 
Cereals Research Institute, Ibadan, Nigeria (Kayode, 1985a). They were concerned that 
as higher amounts of K were being used, Mg was becoming less available. This was 
aggravated by the fact that such areas were subject to high rainfall. A number of field 
trials were set up in different locations. Six different amounts of Mg were added ranging 
from 0-100 kg ha-1 Mg added to Ultisols significantly increased maize yield, whereas Mg 
added to Alfisols did not. This was explained by the fact that the Ultisol sites had been 
continually cropped with maize for the past 5 years with no Mg added, whereas the 
Alfisols were newly cultivated. They also found the Mg:K ratio greatly affected the 
reaction of maize. The optimum Mg fertiliser rate was 20 kg Mg ha-1. Adding Mg 
decreased K concentrations in plant material suggesting these two nutrients were 
competing for uptake sites or interfering with each other’s solubility. P concentration in 
plant material increased with increasing Mg uptake, which was as expected, as Mg aids 
phosphate uptake in maize (Kayode, 1985a). 
 
Maize production in relation to Mg uptake was considered in Australia in soils with low 
Mg availability and varying acidity (Hailes et al., 1997). The study found no response in 
maize growth to Mg addition on soils with  pH > 5.4, regardless of the original Mg status 
of the soil. On some of the acidic soils, maize yield increased only when lime was added 
at the same time as Mg. It was concluded that lime increased root proliferation, which 
enabled the plants to take up more Mg.  
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Other Nutrients 
Zinc deficiency can occur in temperate and tropical maize production.  It can be caused 
by several factors, including low soil organic matter, low temperatures, sodicity, high soil 
phosphate, large applications of N and a restricted root zone (Kayode, 1985b).  
Appropriate zinc application rates for maize growth were studied in India. Soils 
containing 5 ppm  Zn enhanced maize yields, while those with ≥10 ppm had reduced 
yields (Singh and Banjeree, 1986). Iron is an essential trace element for maize, as it is 
directly linked to chlorophyll a levels (Almela and Lopez-Roca, 1985). Maize in common 
with other graminaceous species, can release phytosiderophores from its roots, which aid 
Fe uptake (Von Wiren et al., 1993). Iron deficiency, unlike Mg deficiency, is associated 
with calcareous soils with high pH and is, therefore, rarely regarded as a problem in 
tropical soils. Deficiency has, however, been linked to the presence of other ions, such as 
Cu, Zn and P (Kayode, 1984). 
 
2.12 Summary 
The research work reported here deals with the topics of soil erosion and maize 
productivity. It has, therefore, been necessary to carry out a literature review that covers a 
range of topics. From the literature, the following points have become apparent:  
 
• Plot studies do have limitations yet are, at present the only satisfactory way of 
measuring soil loss from a small defined area of land.  
• The majority of studies considering rainfall-soil loss relationships have been carried 
out in temperate climates. More research is needed in tropical and sub-tropical 
climates. 
• Most studies concerning erosion/productivity relationships have been carried out in 
the USA and studies in tropical/subtropical countries are lacking (Stocking 1985). 
• Contour cultivation has been shown to both decrease (Neal, 1963) and increase (Van 
Vliet and Hall, 1993) soil loss, to reduce bulk density (Barton, 2000) and increase 
maize yield (Wu and Liu, 1991). 
• Straw mulch has been shown to be highly effective at reducing soil loss (Lal, 1976a), 
to conserve soil moisture (Fan Xiwu, et al., 1993), to have both positive and negative 
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effects on soil nutrient status (Lal et al., 1980; Tian et al., 1993) and to increase maize 
yield (Mbagwu, 1991). 
• Maize growth can be greatly effected by changes in soil temperature (Walker, 1969). 
The reaction of maize to water stress has been shown to be cultivar dependent 
(Weerathaworn et al., 1992). 
• Soil chemical conditions can effect the ability of maize to take up P (Chen and 
Barber, 1990). Maize has a high N requirement (Purseglove, 1979). In many 
tropical/subtropical farming systems, chemical K fertiliser is not added and K input 
depends on levels in organic manure (CTA, 1987). 
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Chapter 3. Materials and Methods 
 
 
In this chapter details of materials and methods used during the study are reported. 
3.1 Site Description 
The experimental site is located on the campus of Yunnan Agricultural University, on the 
University Farm 12 km north of Kunming (Lat N 25° 04’, Long E 102° 45’). Soils are 
Typic Hapludult (Zhao and Shi, 1986) or using the Chinese classification Red Earths 
(Zhao, 1986). These soils have a fine texture, are highly weathered and nutrient poor. The 
dominant clay minerals are kaolinite, quartz and montmorillonite. Typic Hapludults have 
an Ah horizon of approximately 20cm in depth of minero-organic red top-soil. This is 
followed by a transitional Ah/Bw1 horizon of minero-organic top-soil and Cambic sub-
soil. Highly weathered sub-soil horizons can typically be found at 40cm depth. These are 
characterised by high iron oxide and aluminium oxide concentrations (FAO/UNESCO 
1974). As pointed out in Chapter 1, Section1.2, Red Earths are heavily influenced by 
their parent material, which, in the case of Yunnan Agricultural University Farm, is 
limestone. This gives the soil a higher pH than Red Earths derived from granite or bassalt 
which are acidic. Soil organic matter content at Yunnan Agricultural University (YAU) is 
low being < 3% (Barton 2000). Particle size distribution on the experimental plots at 
YAU was found to be ~10% sand, 50% silt and 40% clay (heavy silty clay loam) (Barton 
2000). 
 
The site consisted of 30 runoff and erosion plots, constructed in 1993 (Fullen et al. 1999). 
The plots were located on three different slope angles (I 3°, II 10° and III 27°) in groups 
of 10. Each slope angle has a different history, making comparisons of them using slope 
angle alone inappropriate. The shallowest slope, Slope I, was under agricultural 
production for 10 years prior to 1993, whereas Slope III was forested. Slope II was made 
artificially at the time of plot construction, to create the desired slope angle. In the 
process of construction sub-soil and top-soil were mixed together, creating soil less fertile 
than on the other two slopes. Each plot had a concrete collector at the end (1 x 1 x 1m) in 
which runoff and soil loss were collected. There was also a sloping concrete trough 
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running along the length of the bottom of each plot, to ensure runoff and soil loss from 
the entire plot were collected. The plots were surrounded by an earth bund, to prevent 
runoff from over flowing into adjacent plots (Plate 3.1.) 
 
Plate 3.1. Erosion plots on Slope II showing sediment collectors, concrete troughs and the 
bunding surrounding the plot.  
 
Collector 
 
 
 
 
Earth bund 
 
 
 
 
Sloping concrete troughs 
Plots on Slopes I and II were 8 x 3 m (24 m2), whereas plots on Slope III were smaller at 
6 x 1.2 m (7.2 m2), due to lack of available land at the time of construction. On Slope III 
it was not necessary to construct a concrete trough, as the collector itself was the same 
width as the plot (Plate 3.2.). Between 1994 and 1996 the plots were used to investigate 
the effects of five maize cultivation systems on runoff and erosion rates (Barton 2000). A 
summary of the major findings of this work is given in Chapter 1. 
 
Plate 3.2. Collectors at the end of plots on Slope III. NB collectors are the same width as 
the bottom of the plots 
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3.2. Experimental Design 
The experimental design consisted of three separate experiments, one experiment on each 
of the three slope classes. Due to the different histories of the slopes, it was decided not to 
make quantitative comparisons between them. Two soil conservation treatments, plus a 
control treatment, were used in replicated plot designs, according to the layout shown in 
Figure 3.1. The treatments used were: 
1. D: Downslope Cultivation (the traditional method of cultivation used in the area and, 
therefore, the control treatment). 
2. CC: Contour Cultivation (all operations were carried out across the contour). 
3. CC+SM: Contour Cultivation plus Straw Mulch (as treatment 2, but with wheat straw 
used as a surface mulch). 
4. On each slope, an unreplicated bare plot was included. 
On each slope, three replicates of each treatment were used. As there were 10 plots on 
each slope, this allowed the inclusion of an unreplicated bare plot from which erosivity 
and erodibility could be determined without a crop cover. The experimental design was 
determined before the beginning of this Ph.D. programme and not by the author. As the 
design was used in 1997 in a preliminary study, for the sake of continuity it was also used 
for this study. On Slopes I and II, the replicated treatments were initially arranged in 3 
blocks (Figure 3.2) and the intention was that data would be analysed by two way 
ANOVA. However, during the investigation, it became apparent that these blocks did not 
account for environmental gradients present in the experiment and were, therefore, 
irrelevant. It was not possible to rearrange the blocking without moving treatments so it 
was decided to analyse data using one way ANOVA and not use the blocking. 
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Figure 3.1. Experimental design of the runoff plots at Yunnan Agricultural University 
 
NB This diagram is schematic 
and does not represent the 
actual shape of runoff 
collectors 
Figure 3.2. Blocking initially used on Slopes I and II on the experimental plots at Yunnan 
Agricultural University 
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3.3 Cultivation 
During the 1998 and 1999 summer growing seasons all plots, excluding the bare plots, 
were planted with a local cultivar of Zea mays (c.v. Yuedan 14) according to the 
treatments outlined in Section 3.2. During the winter all plots were planted with a local 
cultivar of wheat (hybrid 2a 14). Details of the cultivation of both maize and wheat are 
given in the following sections. 
 
3.3.1 Cultivation of Maize 
Sowing 
Cultivation methods followed those used locally for maize production in Yunnan. 
Initially, the land was prepared using hand-held hoes, working along the contour for 
contour cultivated plots and down the slope for downslope plots. The bare plots were 
prepared in the same manner as downslope plots. Stubble and roots from the preceding 
wheat crop were removed during this process. Pits for planting the maize in were dug 15 
x 15 x 15 cm deep. Pits were positioned to give a density of 0.34 pits m-
2
, 5.83 plants m-
2
 
(two plants per pit) on every plot (Figures 3.3 a - d). 
 
On Slope III, where the plots were smaller, planting dimensions were altered to achieve 
the same planting density as on Slopes I and II. On the contour cultivated plots, there 
were margins of 0.4 m at the top and bottom of the plots and 0.2 m at the side of each 
plot. The contour cultivated plots had seven rows with three pits per row. Between rows 
there was a space of 0.86 m and between pits within the rows a space of 0.4 m. On the 
downslope plots there were two down slope rows, one with 11 pits and one with 10 pits. 
The space between rows was 0.8 m. Between plants within rows, there were 0.52 m for 
the row with 11 plants and 0.58 m for the row with 10 plants (Figure 3.3 c, d). An 
alternative to this design would have been to have the same distance between rows and 
between pits for all treatments. However, this would have resulted in large gaps of bare 
soil immediately in front of the collectors for the downslope plots, altering runoff and soil 
loss rates considerably. It was, therefore, decided that the maintenance of the planting 
density with slight alterations of spacing was more appropriate.  
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Figure 3.3a. Dimensions for planting on the contour cultivated plots Slopes I and II 1998  
and 1999. 
  
 
Figure 3.3b. Dimensions for planting on the downslope plots Slopes I and II in 1998 and  
1999 
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Figure 3.3c. Dimensions for planting on the downslope plots Slope III in 1998 and 1999 
Figure 3.3d. Dimensions for planting on the contour cultivated and contour cultivated 
plus straw mulch plots Slope III in 1998 and 1999 
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Planting took place on 21/05/98 and 22/05/99. Six maize seeds were sown in each pit to 
ensure the survival of at least two seedlings. Manure was then placed on top of the seeds. 
In 1998 approximately five litres of water were also added to the pit, as there had been 
little rainfall before the time of planting. In 1999, rainfall had occurred during the days 
immediately before planting and on the day of planting itself, so it was unnecessary to 
irrigate. Urea and superphosphate were sprinkled around the inside of the pit, which was 
then covered over with soil (Plate. 3.3). 
 
Plate 3.3. Maize planting in May 1998, urea and superphosphate are sprinkled around the 
inside of the pit. 
 
Application rates for manure and chemical fertiliser are given in Table 3.1. All N 
applications were made in the form of Urea and P as superphosphate. On the CC+SM 
plots, straw was placed evenly on the soil surface at a rate of 8.5 kg per plot on slopes I 
and II and 2.55 kg per plot on Slope III, giving a common rate of 3.54 t ha-1. A further 
0.46 t ha-1 was added later in the season (09/08/98 and 09/08/99) to give an overall rate of 
4 t ha-1. 
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Table 3.1. Fertiliser application rates at time of sowing and during the 1998 and 1999  
growing seasons  
 
Date Growth stage Fertiliser 
added 
Per  plot Slopes 
I & II (g) 
Per plot Slope 
III (g) 
 
Rate t ha
-1
21/05/98  Sowing  Urea  
P  
Manure (pig) 
500 
2000 
25kg 
150 
600 
7.5kg 
0.2 
0.8 
10.4 
22/06/98 
 
Seedling Urea 350 105 0.15 
21/07/98  Stem 
Elongation 
Urea 300  90  0.13  
05/08/98  Ear 
Emergence 
Urea 550  165  0.22  
22/05/99 Sowing  Urea  
P  
Manure (cow) 
500 
2000 
25 kg 
150 
600 
7.5 kg 
0.2 
0.8 
10.4 
22/06/99 Seedling Urea 350 105 0.15 
14/07/99 Extra * Urea 180 54  0.075 
28/07/99 Stem 
Elongation 
Urea 300 90 0.13 
13/08/99 Ear 
Emergence 
Urea 370 111 0.15 
* (Section 3.3.2) 
  
Thinning and transplanting 
In order to ensure the correct planting density, seedlings had to be thinned or 
transplanted. This was done in three stages. On 04/06/98, those pits that had not produced 
any seedlings had seedlings transplanted from other pits, wherever possible from the 
same plot. On 12/06/98, seedlings were thinned from 6 per pit to 3 per pit and on the 
22/06/98 these were then thinned to 2 per pit. In 1999, seedlings were thinned to 3 per pit 
on 14/06/99 and at the same time plants were transplanted from other pits, where 
necessary. On the 22/06/99 plants were thinned to 2 per pit.  
 
Further fertiliser applications and weeding 
In 1998, in addition to sowing, three further applications of urea were made during the 
growing season according to the amounts and dates shown in Table 3.1. Fertiliser was 
added to the plots in two doses either side of the plants. Soil was then hoed from between 
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the rows towards the plants to create a small ridge with the plants in the middle (Plate 
3.4). Hoeing also uprooted the weeds, which became incorporated in the mounds.  
Weeding was carried out in the same way without the addition of fertiliser on one other 
occasion in September, giving a weeding frequency of once a month. The same procedure 
was followed in 1999, however as shown in Table 3.1 an extra application of urea was 
made between seedling stage and stem elongation. This was carried out on the advice of 
the Chinese supervisor, as a means of increasing seedling growth which was poor due to 
drought. Overall fertiliser inputs were the same for both years, with a total urea input of 
0.7 t ha-1.  
 
Plate 3.4. Weeding by hoe during the 1999 cropping season  
 
Pesticide/Herbicide Applications 
On Plots 10, 20 and 30, a broad-spectrum herbicide (Chinese name: Cao Gan Ling, 
English name: Atrazine) was used to control weeds and ensure these plots remained bare 
during the growing season. One part concentrated herbicide was used to 80 parts water 
and the ground was sprayed until evenly wetted. This was done twice in 1998, on 
16/06/98 and  31/07/98. In 1999 only one application was made on the 22/06/99, as weed 
growth on the bare plots was less vigorous. The cultivated plots were treated with 
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insecticide (Deltamethrin) to control corn borers and cut worms, which presented a 
problem in both years. One part insecticide was used to 40 parts water and all plants were 
sprayed individually until they were completely covered. This was done twice in 1998 on 
16/07/98 and again on 31/07/98 when the worms were at their most active. In 1999 the 
first application was made earlier on 28/06/99 as evidence of pest damage had already 
began to occur. The subsequent application was made on the 12/07/99. All pesticide and 
herbicide applications were made using a hand-held sprayer. 
 
3.3.2 Cultivation of Wheat 
Prior to the beginning of the 1998 rainy season, in the winter of 1997, all experimental 
plots had been under wheat cultivation. A maize/wheat rotation is common in this area of 
Yunnan, so it was decided to continue with this system throughout the experimental 
period. In between the 1998 and 1999 rainy seasons, all plots were planted with wheat 
using the procedure outlined below. The same procedure had been previously used by 
Yunnan Agricultural University in 1997. 
 
Sowing  
On  23/10/98, all plots on Slopes I and II, including the bare plot, were planted with a 
Chinese variety of wheat, (hybrid 2a 14). Planting was carried out on Slope III the next 
day. Before sowing, plots were hoed to a depth of ~10-15 cm and then an even tilth was 
prepared. Maize stems were removed during this process. On Slopes I and II 24 furrows 
were dug on each plot ~ 12 cm deep. On Slope III, 18 furrows per plot were dug to the 
same depth. Wheat seed was then distributed evenly in these ditches at a rate of 0.18        
t ha-1. Fertiliser was also added to the ditches at the rate of 0.23 t ha-1 for urea and 0.6 t 
ha-1 for superphosphate, but no manure was added. Furrows were then covered over with 
soil. 
 
Seasonal Maintenance 
Very little maintenance was carried out during the wheat season. Additional fertiliser was 
applied twice during the growing season, once during seedling stage and once during 
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tillering urea was added to the plots at a rate of 0.75 t ha-1. At the same time weeds were 
hoed away and earth was mounded up around the wheat stems.  
 
3.4 Meteorological Measurements 
During both maize growing seasons (21/05/98-07/10/98 and 22/05/99-02/10/99), rainfall 
was measured with an automatic rain gauge. The gauge consisted of a rotating drum and 
a tilting siphon with a collection drum 200mm in diameter. The design was based on the a 
Tilting Syphon Gauge, produced by the UK Meteorological Office (Shaw, 1988). This 
allowed the determination of the amount, duration and intensity of all rainfall events. The 
chart on the drum was changed daily. This was backed up by a standard rain gauge, 
which was emptied daily at 0900 hours. Both gauges, manufactured in China were 
located on the roof of a farm building ~ 200 m away from the plots. On the same roof 
was a Stevenson Screen, which housed a thermo-hygrograph, which recorded air 
temperature and relative humidity over one week. Plates 3.5 and 3.6 show the Stevenson 
Screen and the automatic rain gauge. 
 
 
 
 
 
Plate 3.5. The Stevenson Screen 
located on the top of farm 
buildings at Yunnan 
Agricultural University during 
the 1998/99 cropping seasons 
Plate 3.6. The automatic rain gauge 
located on top of farm buildings at 
Yunnan Agricultural University during 
the 1998/99 cropping seasons 
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There were also four thermometers, giving daily maximum, minimum, wet and dry bulb 
temperatures. At the beginning of each season, the thermohygrograph was calibrated 
using the wet and dry thermometers and a calibration table “Shi Du Cha Suan Biao”.  
 
3.5 Runoff and Soil Loss Measurements 
Runoff and soil loss was measured after every rainfall event, whenever possible. In some 
cases where events occurred in quick succession or at night, combined measurements had 
to be made after two or three events. Runoff was measured by recording the volume of 
water in each collector. Soil loss was measured in two ways. For small to medium events, 
sediment load was determined by sub-sampling runoff water, a method detailed by de 
Ploey and Gabriels (1980) and first described by Mutchler (1963).  The runoff water was 
thoroughly re-suspended by stirring and a 250 ml sample taken. This was done by taking 
five 50 ml samples from different depths, in order to gain a representative sample. The 
sample was then left to settle in the laboratory and the liquid decanted. The remaining 
sediment was dried at 40°C in a pre-weighed vessel, until all the water evaporated. The 
vessel was re-weighed and sediment weight determined. The sediment load of the entire 
runoff sample could then be calculated by multiplying the sediment load in 250ml by 4 to 
get sediment load per litre then multiplying by the total volume of runoff in litres. The 
dried sample was retained for chemical analysis in the UK. At the beginning of the 1998 
season until the end of June, runoff samples were filtered rather than decanted. However, 
the method was changed for two reasons. Firstly, the filtration method was time 
consuming and it was difficult to cope with the samples at the rate they were being 
generated. Secondly, the decanting method allowed the fine sediment samples to be 
retained for analysis more easily. During the 1999 season all samples were decanted. 
 
For larger events it was not possible to re-suspend all of the sediment. In these instances,  
runoff was left to settle and a runoff sample taken in the same way as described above. 
After emptying the runoff, the remaining sediment was removed from the collector 
weighed, dried at 40° C for 72 hours, or until a constant weight was reached, re-weighed 
and retained for analysis. This was then added to the amount of sediment estimated from 
the suspension method. This second method was used successfully by Barton in 1995 and 
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1996 (Barton 2000) and considering the large volume of soil loss generated on several 
occasions in both seasons, was the only viable option.  
 
3.6 Soil Temperature and Moisture 
The aim of soil temperature and moisture measurements was to determine the effect of 
straw mulch on these two parameters. In addition to this, the effect of straw mulch on soil 
matric potential, that is the negative pressure required to extract water from between the 
matrix of soil particles, was also investigated. Matric potential is a better indication of 
water availability to plant roots than soil moisture. 
 
3.6.1 Equipment 
Soil temperature was measured using Whatman digital soil thermometers supplied by 
Whatman International Ltd, Maidstone, Kent, UK. Thermometers gave an output in °C 
and took 3 or 4 seconds to reach a stable reading. Thermometers were calibrated against 
each other before the experiment began by taking repeated measurements in the same 
position in the soil, alternating with different thermometers. Measurements were made to 
find comparative differences between treatments, not absolute values. Four of the five 
thermometers consistently gave exactly the same reading as each other and one was 
slightly different. For this reason only four thermometers were used to take readings. Soil 
moisture was measured using an ML2 soil moisture probe supplied by Delta-T, 
Cambridge UK (Plate 3.7).  
 
Plate 3.7. An ML2 soil moisture probe of the type used to take soil moisture readings 
during the 1998/99 cropping seasons 
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The soil moisture probe was attached to a Delta-T Theta Meter, which contains an 
internal power supply. On activation, an electric current passes through four 6 cm long 
metal pins into the soil. The probe measures changes in the apparent dielectric constant, 
which are converted into a dc voltage.  The Theta meter displays this voltage, which is 
proportional to volumetric soil moisture content. Volumetric soil moisture (2v) is affected 
by soil type, specifically the amount and type of clay minerals present. The Theta Meter 
has three output options, a direct output in volts from which soil moisture can be 
calculated, a calculated output of soil moisture in a typical mineral soil and the same for a 
typical organic soil. As the ML2 has not previously been used on subtropical red soils, it 
was recommended by Delta-T that the probe be calibrated on-site and the output taken 
directly in volts. The calibration procedure is given in Chapter 3, Section 3.6.2. 
 
Soil matric potential was measured using Delta-T Equitensiometers. The 
Equitensiometers work on a similar principle to the soil moisture probe and actually 
consist of an ML2 soil moisture probe embedded in a porous material. Once equilibrated 
with its surroundings, the probe can directly measure the moisture content of the porous 
material and convert this into the matric potential of the surrounding soil. Each probe is 
supplied with its own calibration curve for converting volts into kPa. 
 
3.6.2 Calibration and Preliminary Testing of Equipment 
Determination of equipment equilibration times 
In the UK equipment was tested before being taken to China. Equitensiometers were 
thoroughly wetted then buried at a depth of 10 cm in a field at the University of 
Wolverhampton’s Crop Technology Unit. They were then left overnight, before 
measurements were taken every hour over a 5-hour period, to determine if the probes had 
reached equilibrium with the surrounding soil. They gave stable readings for the entire 5-
hour period, showing that an overnight period was long enough for the probes to stabilise. 
The soil moisture probe was also tested to determine equilibration time. This probe was 
used for spot measurements in the same field, rather than being left in situ. According to 
Delta-T specifications, the probe can reach equilibrium with its surroundings after 5 
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seconds. However, it was found that a period of 20 seconds ensured a stable reading was 
reached. Soil thermometers gave a stable reading after 2-3 seconds. 
 
Calibration of the soil moisture probe 
On arrival in Yunnan, the soil moisture probe was calibrated for use on the plots at 
Yunnan Agricultural University according to the procedure given in the operator’s 
manual (user manual ML2-UM-B). There is a linear relationship between the square root 
of the dielectric constant (√ ε) and volumetric water content (θ) (Whalley 1993; White et 
al. 1994)  (Equation 3(1)): 
 
√ ε = ao + a1. θ       3 (1)    
Where ao and a1 are coefficients. 
 
A sample of damp soil was taken from the plots in a vessel of a known volume (a large 
tin, which could be hammered into the soil, was used). The ML2 moisture probe was then 
inserted into the damp soil and a reading taken. From this, the square root of the dielectric 
constant (√ εw) was calculated by Equation 3 (2): 
 
√ εw = 1.1 + 4.44V       3 (2) 
Where V is the output from the probe in volts. 
 
The damp sample was then weighed before being oven-dried at 110°C for 48 hours. After 
drying, the probe was reinserted into the sample and an output recorded. The square root 
of the dielectric constant (√ ε0) was then calculated using equation 3(2) (substituting     
√ εw with √ ε0)this gave the coefficient a0. The volumetric water content of the water 
sample (θw) was then calculated by subtracting the dry sample weight (g) from the wet 
sample weight (g) and dividing by the volume of the sample (cm3). The second 
coefficient, a1, was then calculated by the equation: 
       a1 =√ εw -√ ε0 
      --------   3(3) 
    θw
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Soil moisture content θ (m3/m3) is then given by: 
   θ =(1.1 + 4.44V)-a0   3 (4) 
         --------------------- 
    a1 
 
 
Determination of sampling regime 
Prior to the beginning of the 1998 growing season, diurnal soil temperature and moisture 
measurements were taken on the experimental site to determine diurnal fluctuations. Soil 
temperature and moisture measurements were made every hour from sunrise until sunset 
(0700 until 2000). Measurements were made in three places on one plot on Slope II. 
Temperature was measured at a depth of 1cm and 5cm in each place and soil moisture 
was measured at the same time. 
 
3.6.3 Seasonal Soil Temperature and Moisture Measurements 
 
Determination of sampling positions for soil temperature and moisture 
Rather than attempting to take measurements on all plots, which was not possible due to 
constraints of time, it was decided to take measurements on Slope II only on the contour 
cultivated and contour cultivated plus straw mulch plots. Slope II was chosen rather than 
the other two slopes, as the plots were larger than plots on Slope III. On Slope III a high 
level of shading existed, which may have directly affected soil temperature and moisture 
measurements. Slope I has a very gentle slope and would not, therefore, give a good 
representation of the effects of straw mulch on soil temperature and moisture on sloping 
land. On each plot 10 places were designated in an X shape across the plot (Plate 3.8). 
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Plate 3.8. Positions of soil temperature and moisture measurements designated by the 10 
white markers on each plot. 
 
 
The sampling positions were determined before seedling emergence. Markers were 
placed 30 cm away from the middle of each pit. This distance was chosen, as this was the 
closest to the seedling that the sample could be taken without being in the mound of earth 
around the newly planted seedlings. Taking measurements in the mounded earth would 
have created too much variability, as the mound was being constantly disturbed and 
altered by weeding and fertiliser application. Soil temperature was measured at depths of 
1 cm (referred to as soil surface temperature) and 5 cm. Temperature was also measured 
at the base of the nearest maize plant, as there is evidence to suggest that a difference 
between root zone and stem base temperature can affect nutrient uptake by maize 
(Chapter 2, Section 2.10). Soil moisture was measured at a depth of 0-6 cm, determined 
by the length of the pins on the ML2 soil moisture probe. Soil moisture and soil 
temperatures at 1 and 5 cm depths were all measured in the same positions on the plot. 
 
Sample timings for soil temperature and moisture 
From the diurnal measurements, it was found that maximum soil temperature occurred 
between 1200 and 1400. Measurements were taken between these times in order to 
determine the effects of straw mulch on soil temperature and moisture during the part of 
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the day when maximum soil temperature occurred. Approximately 1.5 - 2 hours were 
needed to take a complete set of measurements. In order to account for fluctuations in air 
temperature and weather conditions during the sampling period, plots were designated to 
three blocks, one CC and one CC+SM plot per block. Measurements were then taken 
block-by-block and data analysed for block as well as treatment effects. To further 
standardise all soil temperature and moisture measurements, three readings were taken 
for each measurement after the thermometer or probe had been given an appropriate 
equilibration time and the mean of these three taken. In 1998  measurements were taken 
every 2 weeks throughout the whole of the growing season. In 1999 the same approach 
was used, but measurements were also taken on a weekly basis during dry periods.  
 
Sampling positions and timings for soil  matric potential probes 
Two soil matric potential probes were buried in the middle of Plots 13 and 14 (1.5 m 
from the bunds separating the plots and between rows 5 and 6). They were buried at a 
depth of 10 cm at a slight angle and pre-wetted according to the supplier's 
recommendations. The manufacturer recommends that sand be used to fill gaps around 
the probe to ensure full contact between the probe and its surroundings. However, soil 
texture was so fine it was decided to use soil instead. In 1998, soil matric potential was 
measured once a week at 1400. In 1999, measurements were taken once a week during 
wet periods and every day during dry periods, again at 1400. 
  
3.7 Soil Bulk Density 
 
Water erosion can have profound affects on soil physical properties. It can cause 
compaction, changes in particle size distribution and disturb aggregation. Similarly, the 
soil conservation treatments used in this study have the potential to alter soil physical 
properties by changing surface properties. An erosion/productivity study such as this one 
must also consider how changes in soil physical properties affect maize growth, for 
example by changing soil porosity (Liang et al., 1996). It was not possible in this study to 
measure many soil physical properties so it was decided to concentrate on just one 
property, dry bulk density. Dry bulk density is a measure of soil compaction and porosity 
(Rowell 1996). These two factors indicate potential problems with root penetration and 
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soil aeration.  In order to determine treatment effects on changes in bulk density over the 
growing season, measurements were made at the beginning and end of both growing 
seasons. 
 
Procedure 
On Slopes I and II, bulk density was measured in three places on each plot, in a diagonal 
across the plot.  On Slope III, in order to minimise disturbance, only two samples were 
taken on each plot. One ~ 50 cm from the top edge of the plot and one ~50 cm from the 
bottom edge of the plot. Samples were taken 16 days after sowing in 1998 and 12 days 
after sowing in 1999 and again 8 days before harvesting in 1998 and 5 days before 
harvesting in 1999. Dry bulk density was measured according to the method outlined in 
Rowell (1996). Bulk density tins were cylindrical, with dimensions of 5 x 5.1 cm giving a 
volume of 100 cm3. All tins were labelled and weighed before samples were taken. Tins 
were hammered into the soil at two different depths 0-10 cm and 10-20 cm before being 
excavated using a metal trowel. Once excavated, soil was cut flush to the end at both ends 
of the tin with a sharp knife and metal caps placed on the tin ends. The tin was then 
placed in a zip lock plastic bag to retain moisture. Samples were taken back to the 
laboratory and weighed wet before being oven-dried at 105°C for 48 hours. They were 
then weighed again dry. From wet weights, dry weights and the known weight of the tins, 
gravimetric moisture content in addition to dry bulk density could be calculated. Bulk 
density was calculated according to equation 3 (4): 
 
Dry bulk density (g cm-3) = Mass of oven dry soil (g)/ Volume of cylinder (cm3) 3 (4) 
 
Porosity can be calculated from bulk density if a typical value for particle density is 
assumed (equation 3 (5)).  
 
Total Porosity (Volume %) =                dry bulk density     
                     1-    -----------------------     x 100   3 (5) 
                              Particle density  
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For most soils, a particle density of 2.65 can be used (Landon 1991). This value is 
adequate for most agricultural soils, including tropical soils. It should be noted that soils 
with a large ferric oxide content can have a slightly different particle density, however the 
difference is extremely small and therefore 2.65 gives a sufficiently accurate estimate. 
 
3.8 Chemical Analysis of Soil Samples 
 
Soil samples were taken at the beginning and end of both cropping seasons, that is, just 
before the maize was planted (19/05/98 and 21/05/99) and just before the maize was 
harvested (07/10/98 and 02/10/99). Five samples were taken in a W shape across each 
plot according to the method of Rowell (1996). At each sampling point, a pit was dug 15 
cm deep and a sample of the profile taken by slicing downwards with a hoe. The five 
samples were bulked for each plot and thoroughly mixed. These samples were then 
subjected to chemical analysis, in order to determine changes in nutrient status over the 
two cropping seasons.  
 
3.8.1 Sample Preparation 
Chemical analysis of soil samples was carried out in laboratories in both China and the 
UK. In each laboratory, sample preparation was carried out according to standard 
procedure for that country (details are given below). All samples were initially air-dried 
for 1 week, before having all stones and large pieces of organic matter removed. Bartlett 
and James (1980) described some of the problems that can occur when using air-dried as 
opposed to fresh, soil samples for chemical analysis. These include increases in surface 
acidity and solubility of organic matter. In this study, much of the chemical analysis of 
samples was carried out in the UK and it was, therefore, necessary to air-dry samples in 
order to transport them. With this in mind, it was decided to carry out both the UK and 
the Chinese analysis on air-dry samples for the sake of continuity. The aim of the 
chemical analysis was primarily to compare different treatment effects on soil nutrient 
status over the cropping seasons. For this purpose, it was felt that analysis on air-dry 
samples was adequate and it was recognised that chemical analysis would not give a 
perfectly accurate value for actual soil nutrient levels in the field at the time of sampling. 
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Chemical analysis of all samples was carried out in duplicate on air-dry samples and the 
final results expressed in oven-dry weights. 
 
Sample preparation in the UK 
Soil samples to be analysed for pH, organic carbon content, available potassium, calcium 
and magnesium were prepared in the following way: ~ 300 g of air-dry soil was passed 
through a 2 mm sieve. Material remaining in the sieve was then gently broken down with 
a pestle and mortar, until all aggregates were disrupted.  This process was repeated until 
only stones remained on the sieve surface. 
 
Soil sample preparation in China 
Approximately 300 g of air-dry soil was sieved and broken down in the same way as the 
UK preparation method, only this time a 1 mm sieve was used. Material <1 mm was used 
for the determination of available nitrogen and available phosphorus.  From the <1 mm 
sieved soil, 20 spatulas were taken and passed through a 0.25 mm sieve. Again samples 
were broken down until no more material could pass through the sieve. This finer fraction 
(<0.25 mm) was then used for the determination of total nitrogen, total phosphorus and 
total potassium.  
 
3.8.2 Soil pH 
Red soils in Yunnan Province are generally acidic (Zhao et al., 1990). Erosion through a 
variety of processes tends to increase soil acidity, which in turn leads to problems, such 
as aluminium toxicity and reduced availability of basic cations (Ca2+, Mg2+, K+, Na+ and 
NH4+) (Chapter 1, Section 1.2). It is, therefore, a very valuable parameter to measure 
during an erosion / productivity study.  
 
Procedure 
Soil pH was measured in the UK. A suspension of 10 g of air-dry, 2 mm sieved soil and 
25 ml of distilled water were placed in a polythene bottle and shaken for 15 minutes. A 
Whatman pH probe (Maidstone, UK) and meter were then calibrated using buffer 
solutions of pH 4 and 7, according to the manufacturer’s instructions. The pH of the soil 
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suspensions were then measured by placing the probe in the suspension until a stable 
reading was obtained. All samples were measured in duplicate. Soil pH can be 
standardised to allow comparison with other soil samples by measurement in a salt 
solution (Rowell, 1996). For this reason, measurements were repeated in 0.01M CaCl2 
solution. 
 
3.8.3 Soil Organic Matter Content 
Soil organic matter content can have beneficial effects on soil erodibility, by increasing 
aggregate stability and encouraging infiltration (Le Bissonnais et al. 1995). It also creates 
conditions that are conducive to increased crop production by improving soil structure. 
There is no recognised method by which soil organic matter can be measured directly, 
however, organic carbon content can be determined and from this total organic matter 
content can be estimated by assuming total organic matter has a 58% organic carbon 
content (Rowell, 1994). Soils from south-west China generally have a high clay content 
(Zhao et al. 1990) and this proved to be the case with the Yunnan Agricultural University 
plot soils when studied by Barton (2000). It was, therefore, decided that the standard 
procedure used to measure organic matter in the UK, loss-on-ignition, would be 
inappropriate as this method tends to over-estimate the organic matter content in clay 
soils due to the dehydration of certain clay and sequioxide components. The alternative 
method chosen was wet oxidation with acid dichromate known as the Walkey Black 
method (Walkley and Black 1934). A brief summary of the procedure is given below, full 
details of the procedure are given in Rowell (1996).  
 
Chemical reaction 
During the first part of the procedure organic C is oxidised by chromate according to 
equation 3 (6): 
 
2K2Cr2O7 +3C + 8H2SO4 = 3CO2 +2Cr2(SO4)3 + 2K2SO4 + 8H2O   3 (6) 
 
The solution is then back titrated with ferrous sulphate in order to determine the amount 
of dichromate used, equation 3 (7): 
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 K2CrO7 + 6FeSO4 + 7H2SO4 = Cr2(SO4)3 + K2SO4 + 3Fe2(SO4)3 + 7H2O  3 (7) 
 
Reagents 
The following reagents were made up:  
A 66.7 mM potassium dichromate solution.  
Barium diphenlyamine sulphonate indicator.  
0.4 M ferrous sulphate solution  
 
Procedure 
Air dried, <2 mm sieved soil, was ground to a fine powder. One gram was then placed in 
a volumetric flask with the dichromate solution and heated for 2 hours. The solution was 
allowed to cool before 100 ml of water and 1 ml of indicator solution were added. This 
was then titrated with ferrous sulphate solution, until a bright green colour was obtained, 
indicating the end point of the reaction. The procedure was repeated without any soil to 
obtain a blank value.  
Calculation 
The amount of organic carbon present in one g of soil (values are expressed in terms of 
oven-dry soil, although the procedure is carried out on air-dry soil) can be determined 
using equation 3 (8): 
 
mg C g-1 Oven dry soil = 48 (1-x/y)/mass oven dry soil used  3 (8) 
Where x = the amount of FeSO4 used to titrate the sample (ml) 
y = amount of FeSO4 used to titrate the blank (ml) 
 
The equation is derived from the fact that 40 ml of dichromate solution contain 2.668     
m mol of K2Cr2O7, one mol of which reacts with 3 mols of organic C.  The amount of 
FeSO4 used to titrate the blank indicates how much FeSO4 reacts with 2.668 m mol of 
K2Cr2O7 and, therefore, the amount of FeSO4 used to titrate the samples can be used to 
determine the amount of remaining K2Cr2O7 in the solution. 
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3.8.4 Total Nitrogen 
Total nitrogen was measured for the beginning and end of season samples for 1998 and 
for the beginning of season samples only for 1999. Nitrogen occurs in the soil in the form 
of organic compounds, nitrite and nitrate anions and amonium ions (Wild 1998). Total 
soil N refers to the sum of all of these forms of N. The amount of total N in a soil 
depends on several factors, including fertiliser inputs, tillage operations and organic 
inputs. It is usually measured by an oxidation, which converts these forms of N into NH4. 
In tropical soils, it is common for some NH4 to be held in interstitial clay lattices most of 
which is released by the micro Kjeldahl method outlined below. A small amount remains 
in the clay lattices, but this is generally too small to affect the end result to any great 
extent (Bremner 1965). Total nitrogen content of soil samples was determined in the 
laboratory at Yunnan Agricultural University (YAU). A Chinese method, which is a 
variation of the Kjeldahl method was used (Shi Rui He, 1988). The method converts 
organic N and chemically combined N into ammonium sulphate when the soil is heated 
with sulphuric acid and a catalyst. The amount of ammonium sulphate in solution is then 
determined by distillation.  
Procedure  
One gram of <0.25 mm sieved soil was weighed (exact weight recorded) into a 50 ml thin 
necked test tube. Some 2 ml of distilled water were added along with 1.85g of 
K2SO4.CuSO4.Se catalyst. In addition 5 ml of H2SO4 were added, with a small amount of 
distilled water. The mixture was heated at 410°C until a blue-green colour was obtained. 
Heating then continued for a further hour in order to ensure all organic N had turned to 
ammonium sulphate. The liquid was cooled and made up to the 50 ml mark with distilled 
water. A 20 ml aliquot of this solution was placed in a distilling chamber and 20 ml of 
NaOH were added and heated for 5-10 minutes. A flask containing 5 ml of boric acid 
plus indicator was placed underneath the condenser to absorb the ammonia. The boric 
acid was then back titrated with H2SO4 to determine the N content. Equation 3 (9) could 
then be used to determine total N content of the soil. 
 
Total N (%) = (V-V0)*N*0.014*2.5*100%    3 (9) 
               oven dry wt. Soil (g) 
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where  V = Volume of H2SO4 used to titrate the sample (ml) 
 V0 = Volume of H2SO4 used to titrate the blank (ml) 
 N = Conc. of H2SO4
 2.5 =  dilution factor 
 
3.8.5 Available Nitrogen 
In general, plants which do not have associated N fixing bacteria obtain N from the soil 
mainly in the form of nitrate (Wild, 1988). The amount of nitrate in the soil, and therefore 
the amount of available N, depends on the rate at which organic N mineralises to become 
nitrate and the rate at which nitrate is immobilised as it becomes organic N. Rates for 
these two processes are very difficult to determine, making true levels of available N also 
very difficult to determine. The process used here measures the amount of nitrate and 
nitrite in the soil at the time of sampling and, therefore, only gives a “snap shot” of N 
availability at the time of sampling. In addition to this, suitable facilities for the analysis 
of fresh soil samples were unavailable at Yunnan Agricultural University and the analysis 
had to be carried out on air-dried samples. During air-drying, soils lose N in the form of 
NH4, so available N measured on air-dry samples is likely to be an underestimate. The 
purpose of measuring available N in this study was to determine differences in seasonal 
changes under different treatments, rather than obtain absolute values. Analysis on air-dry 
samples was considered to be an adequate means of achieving this aim. Available 
nitrogen was measured using the Conway method (Shi Rui He, 1988) in the laboratory at 
Yunnan Agricultural University. The method transforms nitrate and nitrite into ammonia, 
which is absorbed and can be measured by titration in the same way as total N. The 
chemical reaction involved in the procedure is as follows: 
 
FESO4 + 2NaOH                    Fe (OH)2 + Na2SO4 
8Fe(OH)2 + NaNO3 + 6H2O                 8Fe(OH)3 + NaOH + NH3
NH3 + H3BO3                      NH4.H2BO3 + 2H3BO3 
2NH4.H2BO3 + H2SO4                  (NH4)2SO4 + 2H3BO3 
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Procedure 
Two grams of 1< mm sieved air-dry soil were placed evenly in the outer ring of the 
Conway vessel (Figure 3.4). One gram of FeSO4 was spread evenly over the soil. 2 ml of 
H3BO3 were placed in the centre of the Conway vessel and 10 ml of NaOH (1.8N) were 
added to the iron sulphate soil mixture. A lid was placed on the vessel and sealed with 
glue. The vessel was placed in an oven at 40°C for 24 hours. 
 
Figure 3.4. The Conway vessel, used to measure available N in China 
          Lid   H3BO3 + indicator 
        Soil + FeSO4
       
 
 
 
On removal from the oven the boric acid was back titrated with 0.0101N H2SO4 . The 
amount of available N could then be calculated using equation 3 (10): 
 
 
           (V-V0) * N* 14     
N (ppm) =       -----------------------       * 103   3 (10) 
           Wt of oven dry soil 
 
 
Where  V = Volume of H2SO4 used to titrate the sample (ml) 
 V0 = Volume of H2SO4 used to titrate the blank (ml) 
 N = Conc. of H2SO4
 14 = one equivalent of N 
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3.8.6 Total Phosphorus 
Total phosphorus was measured for the beginning and end of season samples in 1998 and 
for the beginning of season samples only in 1999. In soils there are three pools of 
phosphorus; available, potentially available and non-available (Hesse 1971). Phosphate 
has a very low solubility and a strong binding ability to particle surfaces which can lead 
to soils with high levels of total phosphorus having low levels of available phosphorus. 
The chemistry of the potentially available phosphorus pool is very complex, as reactions 
involving adsorbed phosphate ions occur very slowly, leading to the release of 
phosphorus into the available pool over very long periods of time (Hesse 1971). Total 
phosphorus, in this study refers to both the inorganic and organic phosphate in the soil, 
but does not include phosphorus in soil solution. The aim of measuring total phosphorus 
in this study was to determine the effects of different soil conservation treatments and, 
therefore, erosion rates on total phosphorus levels and it was recognised that total 
phosphorus levels have little effect on the availability of phosphorus for plant growth. 
Total soil phosphorus was measured at Yunnan Agricultural University using a Chinese 
method in which soil is ignited in a sodium hydroxide/ethanol solution (Shi, 1988). The 
method follows the same basic principles as the method given by Stewart (1910), in 
which soil is ignited and then subjected to an acid extraction. This allows soil minerals to 
be dissolved in water once the sample is cooled again. A molybdenum solution can then 
be used to produce a blue coloured solution and the total P concentration can be 
determined by colorimetry. 
 
Procedure 
0.25 g of 0.25 mm air-dry soil were placed in a silver crucible (the exact weight of the 
soil was recorded). Two to three drops of ethanol and 2 g of sodium hydroxide were 
added and the crucible was placed in a muffle furnace for 15 minutes at 450°C. The 
temperature was then raised to 720°C for a further 15 minutes. The crucible was removed 
from the furnace, 10 ml of water were added to the sample and the sample was warmed 
gently on a hot plate. The contents of the crucible were washed with 0.4 H2SO4 into a 50 
ml volumetric flask containing 5 drops of HCl and 5 ml of 9N H2SO4. This was then 
made up to the mark with distilled water and filtered. Five ml of filtrate were placed in a 
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volumetric flask with 20 ml of distilled water. The pH was then adjusted to 7 by adding 
NaCO3 or H2SO4. Five ml of a molybdenum solution were added to develop a blue 
colour. A set of standards was made up ranging from 0-1 ppm and the concentration of 
solutions were determined on a colour spectrophotometer. The amount of total P in the 
soil samples could then be determined by equation 3 (11): 
 
Total P(%) = 
 
Conc. of solution * volume of solution (50 ml) * dilution (10) * 100   * 100           3(11)                       
-------------------------------------------------------------------------------------------------- 
                     Oven-dry wt of soil (g) *106
            
          
3.8.7 Available Phosphorus  
Phosphorus occurs in soil in both inorganic and organic forms with the organic usually 
being more important for crop growth. As discussed in Chapter 3, section 3.8.6, 
phosphorus can be released very slowly into the available pool, making absolute values 
of P availability difficult to quantify. The method used here measures the amount of P 
which is exchangeable with bicarbonate and some readily soluble calcium phosphate and 
gives a good indication of availability (Rowell, 1996). The extractant chosen was 
NaHCO3, the extractant used in Olsen’s method (Olsen and Sommers, 1982) and also in 
the Chinese method followed here (Shi Rui He, 1988). This extractant is usually used for 
the determination of phosphorus concentrations in alkaline to neutral soils in temperate 
areas and Trougs reagent is more commonly used for acid soils. This is because Trougs 
reagent can more effectively release phosphorus bound to aluminium and aluminium 
levels are commonly higher in acid soils. However, in the sub-tropical Ultisols such as 
those found in southern China, phosphorus is more likely to form iron complexes than 
aluminium and these are more easily broken down using NaCOH3 (Landon, 1991). 
 
Procedure 
2.5 g of <1 mm sieved air-dry soil were weighed into a plastic bottle (exact weight of soil 
recorded) with a spoonful of pure carbon. 50 ml of NaCOH3 adjusted to pH 8.5 were 
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added to the bottle. This was then shaken for half an hour. The sample was filtered and a 
10 ml sample of aliquot put into a 50 ml volumetric flask. 5 ml of a molybdate solution 
were added and shaken in order to let the blue colour develop. The solution was then 
made up to the 50 ml mark with distilled water. Sets of standards were made up ranging 
from 0-0.5 ppm and the P concentrations of solutions were determined using colour 
spectrophotometry. The amount of available P in the soil could then be calculated, using 
equation 3 (12); 
 
 
Available P (ppm) =  solution concentration * volume of solution (ml) * dilution      3(12) 
               ------------------------------------------------------------------------------------       
    oven-dry weight of soil  (g) 
 
 
3.8.8 Total Potassium 
Total potassium was measured at the beginning and end of season in 1998 and at the 
beginning of season only in 1999. The principle behind the determination of total 
potassium is the same as for total phosphorus and the method for the determination of 
total potassium followed the same procedure (Chapter 3, Section 3.8.6), up until the 
solution is filtered. At this point 10 ml of the aliquot were put into a 50 ml volumetric 
flask and made up to the mark with distilled water.  A set of potassium standards ranging 
from 0-50 ppm was made up and the concentrations of the solutions were determined by 
flame photometry. The amount of total K in the soil samples could then be calculated 
using equation 3 (13): 
 
Total K (%) =  Solution conc. (ppm) * volume of filtrate (ml) * dilution 
                ----------------------------------------------------------------------------------   *100 %    3(13) 
   oven dry weight of soil (g) * 106  
 
 
3.8.9 Soil Available Potassium, Calcium and Magnesium. 
Roots take up potassium, calcium and magnesium from soil solution as cations (Salisbury 
and Ross, 1992). Available levels depend on the amount in soil solution plus the 
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exchangeable amount held in the soil by clay minerals, humus and sesquioxides. 
Availability also depends on the distribution of plant roots, which can be determined by 
numerous factors. Chapter 2, Section 2.11 deals with the importance of these three 
nutrients to maize growth and factors affecting their availability. A chemical extraction is 
commonly used to determine the amount of available Ca, K and Mg in soil samples. In 
practice this gives levels of exchangeable and to a varying degree slowly exchangeable 
ions and is, therefore, an approximation of availability. The term ‘available’ as used here 
refers to the amount determined by chemical extraction. Available K, Ca and Mg were 
determined in the UK on all soil samples, thus allowing seasonal changes to be 
determined. The extraction was carried out with ammonium acetate, which was chosen as 
an extractant, as all soil samples considered were between pH 8 and 4.9. A brief outline 
of the procedure is given below. A full description of the method is given in Allen 
(1989). 
  
Reagents 
The following solutions were made up:  
1M ammonium acetate solution  
Stock solutions of 100 ppm CaCO3, 100 ppm MgSO4 and 100 ppm KCl  
 
Procedure 
Approximately 5 g of air-dry < 2 mm sieved soil were shaken in a flask with ammonium 
acetate solution for 1 hour.  Samples were then filtered and the remaining extractant 
collected. The procedure was repeated without soil to obtain a blank sample. 
 
Standards and Dilutions: Potassium 
For K, no dilution was necessary, as samples were already within the appropriate range. 
K concentrations were then measured on a Jenway flame photometer (an outline of the 
principles of flame photometry is given by Rowell (1996)). The flame photometer was 
used rather than atomic absorption in 1998, as no K bulb was available for the Atomic 
Absorption Spectrophotometer. The flame photometer was used from then on, for the 
sake of continuity. A range of standards from 0-50 ppm were made up using ammonium 
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acetate solution and a stock solution of 100 ppm K. The standards were then used to 
produce a calibration curve from which the concentration of K in the samples was 
determined. Levels found in the blank samples were subtracted from all samples before 
applying  equation 3 (14)). 
 
mg K (kg oven dry soil)-1  =   conc. *  vol. of solution (ml)   3 (14) 
            Weight of oven dry soil (g)  
   
 
This was then converted into cmol K / kg oven-dry soil by dividing by 391. 
 
Standards and dilutions: Calcium and Magnesium 
Calcium and magnesium concentrations in the extract solution were measured on a 
Unicam 919 Atomic Absorption Spectrophotometer (AAS) (the principles of Atomic 
Absorption Spectrophotometry are outlined in Lajunen (1992)). In order to put the 
samples into the correct detection range, they had to be diluted by a factor of 10. The 
presence of other elements can interfere with the absorption of Ca2+ and Mg2+ ions in the 
air-acetalyene flame, so the addition of LaCl3, which acts as a releasing agent, was used to 
counteract this.  A stock solution of 5000 ppm LaCl3 solution was made. Samples were 
prepared in order to obtain an 800 ppm level of LaCl3 in each sample. It is important that 
HCl and H2SO4 are present in both standards and sample in the same proportions, to 
ensure LaCl3 has the desired effect, so these were also added to samples. 
 
Standards were made up to contain the same concentrations of each reagent as the 
samples, in order to provide the same matrix when analysed by AAS. The concentrations 
used in the standards varied according to the levels present in the soil, but were between 
0-20 ppm for Ca and 0-5 ppm for Mg. Standards where then used to produce a calibration 
curve. From this levels of Ca and Mg present in the soil samples were calculated using 
equation 3 (15), as with K, readings from the blank samples were subtracted from all 
other samples.  
 
mg (Ca or Mg) (kg oven-dry soil)-1  =   conc. *  vol. of solution (ml) * dilution         3 (15) 
                                        Weight oven-dry soil (g) 
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3.9 Elemental Analysis of Sediment Samples 
Sediment samples were analysed for a range of elements, to determine treatment effects 
on sediment nutrient losses. As no measurement was made of nutrient loss from soil 
solution, a nutrient budget as such could not be established and this was not the aim of 
the sediment analysis. The aim was to determine any per unit differences in nutrient loss 
between the different treatments, which would indicate a greater loss of a certain nutrient 
under any particular system or a greater mobilisation of that nutrient within that system. 
 
3.9.1 Collection of Samples for Analysis 
 
During both growing seasons, sediment load was determined in two different ways 
depending on the amount of sediment produced (Chapter 3, Section 3.5). For small to 
medium events, sediment samples were obtained by leaving the 250 ml runoff samples to 
settle, then decanting off the majority of liquid. The sample was then shaken, to re-
suspend the sediment and the sample washed into a tray of a known weight, using the 
decanted liquid. The tray was then placed in an oven at 40°C for 48 hours. The samples 
were then scraped from the bottom of the tray into sample bags, after the trays had been 
re-weighed. In 1998, fine sediment samples were collected in this way for all runoff 
samples from the end of June onwards and in 1999 fine sediment samples were collected 
in this way for the entire season. In addition, coarse sediment samples were collected 
from the larger events (Chapter 3, Section 3.5). Once dried, these were broken up mixed 
and a sub-sample placed in a bag for transport to the UK. Once in the UK, samples were 
selected for analysis. Two events from each year were chosen for analysis, determined by 
two factors. Firstly, storms were identified where runoff occurred on all or nearly all  
plots, and secondly sediment samples were chosen from instances where runoff could be 
attributed to a single rainfall event.   
 
3.9.2 Analysis by X-ray Fluorescence Spectrophotometry 
For all of the fine-sediment samples, very little sample was available and it was therefore 
very difficult to carry out any chemical analysis. Instead, it was decided to use X-ray 
fluorescence spectrophotometry (XRF), a technique that can be used on very small 
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amounts of sample. The technique bombards the sample with primary X-rays. This leads 
to elements fluorescing and generating secondary X-rays, which are then analysed using 
an artificial crystal with known atomic spacing, to determine X-ray wavelengths. These 
are characteristic for individual elements, being related to the energy wavelengths of 
different electron shells. The principles of X-ray Fluorescence Spectrophotometry are 
discussed by Muller (1972).  
 
Procedure 
For fine-sediment samples, all material was placed in an acid washed crucible. For coarse 
sediment samples, two spatulas of material were placed in an acid washed crucible. The 
samples were then oven-dried at 105°C overnight. Coarse sediment samples were sieved 
through a 2 mm stainless steel sieve, to remove stones. With the fine sediment samples 
sieving was unnecessary. The samples were then placed in a furnace at 375°C for 16 
hours, to remove organic material (Ball 1964), which can reduce the accuracy of the X-
ray procedure. Samples were cooled and then ground in a ball mill until they had the 
consistency of talcum powder. Due to the limited amount of sample available, it was not 
possible to make discs for X-ray analysis. Instead the Mylar film technique was used. 
This involves spreading a small amount of the sample over a film clipped onto a specially 
designed pot. A second film is then placed on top of the sample and this clipped into 
place. Both films need to be tight and perfectly flat, as does the thin layer of sample 
between them.  The layer can then be bombarded with X-rays and the film does not 
interfere. This method gives a slight reduction in accuracy compared with disc method 
but the reduction is negligible (C. Williams, pers. comm.). Mylar pots were then analysed 
on an ARL 8410 X-ray Fluorescence Spectrophotometer for 32 different elements using 
the Geo-Mylar program. 
 
3.10 Crop Growth Measurements 
An overview of the developmental and growth stages of a maize plant is given in Chapter 
2, Section 2.9 During both growing seasons, measurements of plant growth were made on 
sample plants on all planted plots on all slopes.   
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 Plant sampling 
At the beginning of each growing season, after maize seedlings had been thinned to two 
plants per pit, sample plants were chosen and tagged. On contour cultivated plots on 
Slopes I and II, eight plants were chosen in an inverted  S shape across the plot (Figure 
3.5). On the downslope plots on Slopes I and II, eight plants were chosen in two diagonal 
lines going from one side of the plot to the other. On the smaller plots, on Slope III, on 
the contour cultivated plots, the middle plant was chosen on rows 1-6, giving 6 sample 
plants. On the downslope plots on Slope III the third, sixth and ninth plant in each row 
was chosen, again giving six sample plants. In all cases, the right hand plant was chosen 
unless it was severely diseased or dying. 
 
 
Figure 3.5. Plants selected for growth measurements on Slopes I and II contour cultivated 
and contour cultivated plus straw mulch plots  
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During the growing season in the event of a sample plant dying, the mean of the 
remaining plants was used and this plant was ignored. In the event of more than two 
sample plants dying, the plant next to the sample plant was chosen as a substitute. 
 
Growth Parameters 
Every two weeks, plant height, stem girth and green leaf area were measured on all 
sample plants. Measurements began 36 days after planting in 1998 and 34 days after 
planting in 1999. In both years, this was the earliest opportunity at which measurements 
could be taken, due to the fact that plants had to be thinned to two per plot before 
measurements began. In 1998, a difference of opinion arose as to how to measure plant 
height which led to the first set of plant height measurements (taken 36 days after 
planting) being excluded from the data set.  The 1998 plant height measurements were 
eventually taken, using a Chinese method, suggested by Professor Liu Liugang where 
height is measured at the tip of the youngest fully expanded leaf. In 1999, the 
conventional UK method was used where the hand is run up the plant and height is 
measured at the tip of the longest leaf (T.J. Hocking pers. comm.). Due to these two 
different methods being used, a comparison of plant height data between the two years 
was not made. Stem girth was measured mid-way between the second and third nodes, 
when these had developed. The first measurement of stem girth was made 49 days after 
planting in 1998 and 46 days after planting in 1999.  
 
Green leaf area (GLA) measurements were taken by measuring the length and width of 
each leaf, multiplying these two factors by each other and then multiply by a correction 
factor of 0.75. The correction factor is supplied by the seed supplier and allows an 
estimate of leaf area for that particular cultivar of maize to be made, given that maize 
leaves are not rectangular. Professor Wu Bo Zhi (Pers. Comm) confirmed the value of the 
correction factor in 1999, using a leaf area meter. Green leaf area index could then be 
calculated by dividing GLA by the area of the plot.  
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3.11 Harvesting 
At the end of each growing season plants were harvested to determine treatment effects 
on yield. This was done in two ways. 
 
3.11.1 Sample Plant Measurements 
Sample plants were taken, primarily to determine yield components. Plants were cut 
down at ground level from all plots and taken to the laboratory for analysis (Plate 3.9). 
Wherever possible, the sample plants taken were those plants used for crop growth 
measurements during the growing season. In cases where these plants had died, the 
neighbouring plant was taken. In 1998, eight sample plants were taken from plots on 
Slopes I and II and six sample plants from Slope III. In 1999, the number of sample 
plants was increased from eight to 10 per plot on Slopes I and II, as it appeared from the 
1998 results that a higher sampling ratio was needed on these slopes. On Slope III in 
1999 the number of sample plants was reduced from 6 to 4 per plot. This was considered 
to be a reasonable number of sample plants for the smaller plots, which only had a total 
of 42 plants per plot. The number was reduced to keep the overall number of sample 
plants to a manageable amount. 
 
Plate 3.9. Sample plants being taken for the analysis of growth and yield 
parameters at the end of the 1998 cropping season. 
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In the laboratory, the following parameters were measured on each sample plant: 
1. Plant height; from the base of the stem to the tip of the tassel (cm). 
2. Stem girth; between the 2nd and 3rd nodes (cm). 
3. Leaf number. 
4. Cob number. 
5. Total fresh shoot weight (g). 
6. Fresh leaf weight (g). 
7. Fresh stem weight (g). 
8. Fresh cob weight (g). 
9. Cob length (cm). 
10. Cob girth (cm). 
11. Grain number per cob. 
All material was then labelled, bagged and oven-dried at 75°C. Shoots were oven-dried 
for 48 hours and cobs for 72 hours. The following parameters were then measured on the 
oven-dry material: 
1. Oven-dry grain weight per cob (g). 
2. Weight of cob centre (g). 
3. Oven dry total stem plus leaf weight (g). 
4. Oven dry leaf weight (g). 
5. Oven dry stem weight (g). 
 
 3.11.2 Total Plot Measurements 
Whole plot measurements were also taken. Before this was done, the number of missing 
plants was counted for each plot, as were the number of missing cobs. Whole plants were 
lost in some incidents to cut worms or corn borers. Cobs were also lost to rat damage and 
theft (Plate 3.10). Cobs, which were partly rat damaged, were treated as missing. The 
total fresh weight of cobs produced on each plot was weighed on-site and recorded. Total 
shoot weight produced from each plot was also weighed on site and recorded. These two 
weights could then be corrected to account for missing plants and cobs, by using the 
average per plant values obtained from the sample plant measurements. 
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Plate 3.10. Rat damaged cobs from the experimental plots at Yunnan Agricultural 
University, October 1999.   
 
 
 
3.12 Analysis of Plant Tissue and Organic Manure for K, Ca and Mg  
 
Samples of maize leaves and organic manure were taken for both the 1998 and 1999 
cropping seasons. Leaf samples were taken to identify any variations in nutrient status 
during vegetative growth that may exist between different treatments. In 1998, leaf 
samples were taken from Slope II only, whereas in 1999 samples were taken from Slopes 
I and II. No samples were taken from Slope III, as there were considered to be too few 
plants to withstand sampling. On each plot, the youngest fully expanded leaves from 
three plants were taken. This was carried out mid season, on the  08/08/98 and 07/08/99. 
During the 1999 cropping season, a sample of the wheat straw used for mulching was 
also taken. All this material was analysed for K, Ca and Mg content. A dry-ashing 
extraction method was used, followed by analysis by Flame Photometry for K and 
Atomic Absorption Spectroscopy for Ca and Mg. Full details of the extraction method are 
given in Allen (1989), a brief outline of the procedure is given below.  
 
Procedure 
Maize leaves, straw and manure samples were oven-dried at 75°C for 48 hours. Samples 
were then transported to the UK, where they were stored until they could be analysed. 
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Once in the UK, leaf samples and straw samples were broken down in a grinder. 
Approximately 0.25 g of each sample was placed in an acid washed crucible, which was 
placed in a muffle furnace at 550°C for 2 hours. Samples were cooled in a dessicator 
before the addition of 5 ml HCl. Samples were covered with a watch glass and heated in a 
water bath for 15 minutes. 1 ml of HNO3 was added to each sample and heating 
continued until the samples were dry then 1 ml of 50% HCl was added to dissolve the 
residue. 9 ml of distilled water were added and warmed slightly to ensure the sample was 
fully dissolved. Samples were then filtered into 50 ml volumetric flasks and made up to 
the mark with distilled water.  
 
Analysis by Flame Photometry and Atomic Absorption Spectrophotometry 
The principles on which Atomic Absorption Spectrophotometry and Flame Photometry 
work are given in Chapter 3, Section 3.8. Standards were made up using stock solutions 
of 100 ppm K, Ca and Mg in a range of 0-50 ppm for K, 0-10 ppm for Ca and 0-3 ppm 
for Mg.  For K samples, 5 ml of the filtrate (made up to 50 ml) were placed in a 50 ml 
volumetric flask and then made up to the mark with distilled water. K was then measured 
on the flame photometer. Values obtained for blank samples were subtracted from all 
samples.  For the analysis of Ca and Mg, 5 ml of the filtrate (made up to 50 ml) were 
placed in a 50 ml volumetric flask, along with 2 ml of LaCl3, 0.5 ml of H2SO4 and 0.5 ml 
of HCl. LaCl3 was used to prevent interference from the presence of other elements when 
analysed by AAS. Samples were then made up to the mark with distilled water before 
being analysed by AAS. For K, Ca and Mg the amount in the plant sample in % could 
then be calculated by the equation: 
 
 
K, Ca or Mg %  =         conc (ppm) x  vol. of solution (ml) x dilution 
                -----------------------------------------------------              3 (16) 
                           Sample weight (g) 
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3.13 Statistical Analysis of Data 
 
All data were analysed on the computer package SPSS, version 9 for Windows. For all 
data Slopes I, II and III were treated as separate experiments, as soil conditions and 
histories of the three slopes were very different and could, therefore, not be compared by 
slope angle alone. For the majority of measurements data were analysed using a one-way 
ANOVA on plot means. Before analysis, data were tested for homogeneity of variance to 
determine if they met the correct criteria for ANOVA (Stuttard, 1992). In cases where 
they did not meet the criteria, data were either transformed or a non-parametric test was 
carried out.  For soil temperature and moisture data, a two way ANOVA was performed 
using blocks (in time) and treatment as the two independent factors. For crop growth 
data, which were taken throughout the cropping seasons, repeated measures ANOVA 
were used, with treatment as the independent factor and time as the repeating factor. Soil 
loss and rainfall intensity data were analysed by stepwise multiple regression. 
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Chapter 4. Results 
Introduction 
In this chapter, experimental data are presented together with statistical analyses. Full 
details of statistical analysis are presented in Chapter 3, Section 3.13. For most data, 
analysis took the form of one way Analysis of Variance, followed by a test for Least 
Significant Difference. For analysis of individual of rainfall events and soil loss (Section 
4.2), multiple regression analysis was used. Data presented are from the 1998 and 1999 
growing seasons (April – October). In Sections 4.4 and 4.5, data for soil chemical 
properties and soil bulk density are presented. In both of these sections, sampling was 
carried out at the beginning and end of the season. Data are, therefore, presented for the 
beginning of season, the end of season and percentage change over the season for these 
two sections. 
 
4.1 Meteorological Measurements  
Meteorological conditions and precipitation patterns during the 1998 and 1999 cropping 
seasons are presented in this section. In Section 4.2, precipitation is related to soil loss. 
Meteorological measurements of the 1998 and 1999 cropping seasons revealed the 
contrasting conditions experienced in the two years. In 1998, the worst flooding in south-
west China for 40 years occurred and so presented a worst case scenario, in terms of soil 
erosion in this area of Yunnan (Rekenthaler, 1998). It, therefore, provided a unique 
opportunity for testing soil conservation techniques in extreme conditions. A more typical 
year was seen in 1999, in terms of meteorological conditions, which provided an 
interesting contrast to 1998.  
 
Air Temperature  
During both years, measurements were made of daily maximum and minimum air 
temperature (daily meaning the minimum and maximum reached in 24 hours). In 1998 
the seasonal maximum air temperature of 31.5°C was recorded at the beginning of the 
season, 9 and 12 days after sowing (DAS). In 1999, however, the seasonal maximum was 
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higher (33°C) and was recorded half way through the season, 69 DAS. Differences were 
also apparent in terms of seasonal minimum air temperatures. In 1998, a seasonal 
minimum of 7°C was recorded very close to the end of the season (134 DAS). In 1999, 
the minimum temperature occurred at the beginning of the season just 5 DAS, but was 
3°C higher than in 1998 at 10°C. Seasonal fluctuations of maximum and minimum air 
temperature are presented in Figures 4.1a, b. 
 
Figure 4.1a. Maximum and minimum air temperature during the 1998 cropping season 
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Figure. 4.1b. Maximum and minimum air temperature during the 1999 cropping season 
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Figure. 4.1a shows that in 1998 maximum air temperature fluctuated at the beginning of 
the season before levelling out at ~ 40 DAS, when the seasonal rains set in. Minimum 
temperatures followed the same pattern. After 109 DAS in 1998, minimum temperature 
gradually declined, but maximum temperature stayed approximately the same. In 1999 
there was a very different pattern, with fluctuations throughout the season, with none of 
the stabilisation evident in 1998. For the first 10 days after sowing in 1999, minimum 
temperatures dipped very low and maximum temperatures were fairly high, indicative of 
little cloud cover during this time. From 60 DAS until the end of the 1999 season, 
maximum temperature fluctuated considerably, whereas minimum air temperature 
remained fairly stable. This is typical of this area of Yunnan, where fast moving thick 
cloud cover can result in a sudden temperature reduction and clearing of cloud at this 
high altitude in a sudden temperature rise.  
 
Precipitation 
The 1998 growing season proved to be one of the wettest on record, resulting in 
devastating floods in many areas in southern China. The total seasonal amount of rainfall 
was 1024 mm. In comparison to the 1995 and 1996 seasonal totals of 876.3 and 619.7 
mm, respectively (Barton 2000), it is evident that 1998 was an abnormally wet year. 
According to the Yunnan Province Meteorological Bureau Information Office, the 30-
year mean seasonal value in 1982 was 798 mm. Therefore, 1998 had a 28% greater than 
average rainfall. Figure 4.2a shows weekly rainfall totals during the 1998 cropping 
season. Heavy rain began early in the growing season in Week 3, before canopy cover 
had been established. The rains did not subside until Week 14 and from this point until 
the end of the cropping season, weekly rainfall was fairly low. Week 7 had the greatest 
rainfall amount, with 144 mm falling in one week. The largest amount of rainfall to occur 
in any one day was 103 mm on 03/07/98. 
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Figure 4.2a. Weekly total rainfall during the 1998 cropping season 
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Figure 4.2b. Weekly total rainfall during the 1999 cropping season 
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In 1999, total seasonal rainfall was 807 mm, just 1% higher than the 30-year mean quoted 
by the Yunnan Meteorological Bureau Information Office. From Figure 4.2b the pattern 
of rainfall during the 1999 cropping season can be seen to be quite different from 1998. 
Weeks 1, 2 and 3 had moderate rainfall, followed by a drought in Weeks 4, 5 and 6. This 
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drought occurred at a crucial stage for crop growth (Chapter 4, Section 4.7). Weeks 7-15 
experienced comparatively high rainfall, with week 12 giving the seasonal weekly 
maximum of 109.9 mm. All other weeks during this period had totals < 80 mm, whereas 
in 1998 six weeks had weekly totals of > 80 mm. The greatest amount of daily rainfall 
experienced in 1999 was 66.6 mm on 10/08/99. 
 
Individual Rainfall event analysis 
During both growing seasons, rainfall was recorded by an autographic rain gauge. From 
the rain gauge charts, it was possible to determine the amount, duration and intensity of 
each rainfall event. Tables 4.1a,b show details of rainfall events in 1998 and 1999, 
respectively. Only those events that resulted in runoff are shown and, therefore, the total 
rainfall amount does not correspond to the actual seasonal total. In addition, in both years 
there were instances when two or more events occurred in quick succession, or during the 
night and it was, therefore, not possible to attribute runoff to one specific event. These 
data have been omitted. On a several occasions, the rain gauge failed. Unfortunately, 
some of these occasions also resulted in runoff and these events had to be omitted from 
the analysis. Tables 4.1a,b show average rainfall intensity of each event (IAV), plus 
maximum intensity to occur in 10, 20 and 30 minutes (I10, I20 and I30). These values were 
determined from the charts, by measuring the steepest part of the graph covering a 10, 20 
or 30 minute period and expressed in mm hr-1. 
 
In 1999 there was an added complication, as the collectors on Slope II began leaking 
from the bottom, half way through the season. Plots with leaking collectors were numbers 
17, 18, 19 and 20. On occasions, where water was found in these collectors only, it was 
concluded that no runoff had occurred and these events were not included in analysis and, 
therefore, do not appear in Table 4.1. This was a reasonable conclusion, as all of these 
plots were treatments that had a non-leaking replicate of the same treatment on Slope II. 
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Table 4.1a. Details of rainfall events during the 1998 cropping season which resulted in 
runoff 
Event 
no. 
Date Rainfall 
amount 
(mm)  
(P) 
Rainfall 
duration 
(mins)  
(Dt) 
Average 
Intensity 
mm hr-1 
(I AV) 
Max 
intensity 
10 mins 
mm hr-1
(I 10) 
Max 
intensity 
20 mins 
mm hr-1
(I 20) 
Max 
intensity 
30 mins 
mm hr-1
(I 30) 
1 10-June 40.3  360   6.8 10.8 11.7 11.2 
2 17-June 14.5    38 22.9 27.0 30.3 23.6 
3 20&21 June 66.7  700   5.7 26.4 23.1 18.4 
4 23&24 June 65.8 1045   3.8 26.2 21.0 20.6 
5 28-June   5.8    40   8.7 15.6 11.1 10.8 
6 28-June   4.3  153   1.7 10.2   6.0   4.8 
7 29-June   2.8    30   5.6 16.2   8.1   5.6 
8 01&2 July  11.0  192   3.4 13.2 12.6   9.8 
9 02-July   3.5    16 13.1 15.6   
10 02-July 70.0  182 23.1 81.6 53.7 47.2 
11 03-July   4.6   45   6.1   6.6   6.0   5.4 
12 04-July 14.1  152   5.6 28.8 26.1 18.2 
13 08-July 34.4  910   2.3   7.2   8.1   7.8 
14 10-July 10.7  265   2.4   6.6   6.3   5.0 
15 11-July   4.7   40   7.1 15.6 12.0   8.8 
16 15-July 13.9  840   1.0   6.0   5.4   4.8 
17 16-July   4.2  120   2.1 14.4   9.3   6.4 
18 17&18 July 29.3  375   4.7 75.0 50.4 34.0 
19 23-July   8.4  320   1.6   6.0   5.1   3.6 
20 26-27 July 58.1  355   9.8 85.2 74.4 70.8 
21 11-Aug.   8.1  100   4.9 10.2   8.4   7.4 
22 15-Aug. 27.2   34 48.0 66.0 51.3 48.8 
23 16-Aug. 11.4   60 11.4 18.0 18.0 14.4 
24 18-Aug.   4.8   15 19.2 14.4   
25 4 &5 Sep. 19.4  298   3.9   8.4   8.7   7.8 
26 18 Sep. 19.7   61 19.3 57.6 46.5 39.0 
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Table 4.1b. Details of rainfall events during the 1999 cropping season which resulted in 
runoff 
Event 
no. 
Date Rainfall 
amount 
(mm)  
(P) 
Rainfall 
duration 
(mins.) 
(Dt) 
Average 
Intensity 
mm hr-1 
(I AV) 
Max 
intensity 
10 mins 
mm hr-1
(I 10) 
Max 
intensity 
20 mins 
mm hr-1
(I 20) 
Max 
intensity 
30 mins 
mm hr-1
(I 30) 
1 29-May 12.1 180   4.0 19.2 12.9 13.6 
2 9 & 10 July 19.0 330   3.5 27.0 20.4 16.8 
3 03-July 11.3   49 13.8 30.0 30.9 21.6 
4 09-July 31.4 240 7.85 60.6 57.3 45.0 
5 09-July 19.7 391   3.0 13.2 10.5   6.3 
6 10-July   9.1 255   2.1   3.6   3.3   3.4 
7 11-July 10.7 270   2.3 16.2 13.8   9.8 
8 16-July 17.3 363   2.9 13.2 13.5 11.8 
9 16-July 20.9 110 11.4 64.8 50.1 37.5 
10 17-July 10.8 440   1.5   4.8   4.5   4.8 
11 20-July   5.0   12 25.0 22.2   
12 23-July 12.5 185   4.0 15.0 12.6 12.4 
13 24-July 10.7   59 10.9 47.4 27.3 19.6 
14 24-July   4.9 110   2.7 11.4   9.9   8.8 
15 26-July   9.6   75   7.7 18.0 18.6   8.4 
16 29-July 36.7   95 23.2 36.0 31.2 31.0 
17 01-Aug 13.7 140   5.9 10.2   9.6   8.4 
18 02-Aug   5.0   50   6.0 13.2 11.1   9.8 
19 09-Aug 69.2 394 10.5 58.2 41.1 41.1 
20 10-Aug   6.6   58   6.8 24.0 15.9 12.2 
21 15-Aug 12.4 135   5.5 28.2 15.9 10.8 
22 16-Aug   6.4   66   5.8 12.0 11.7 10.2 
23 16-Aug   7.5 280   1.6   4.8   4.2   3.4 
24 17-Aug   2.8   18   9.3   2.3   
25 21-Aug 70.3 479   8.8 51.0 33.9 30.6 
26 21-Aug   1.1   35   1.8   3.0   2.1   2.0 
27 24 & 25 Aug 24.7 455   3.3 12.0 11.4   9.4 
28 27-Aug   3.1 250   0.7   6.0   4.2   3.0 
29 27-Aug   2.9 134   1.3   4.8   3.6   2.8 
30 29-Aug   3.2   60   3.2   4.2   4.2   3.0 
31 14-Sep   4.3   46   5.6 13.8   9.0   6.8 
32 22-Sep 16.2 717   1.4   8.4   7.2   6.6 
33 28-Sep 20.7 121 10.3 26.4 24.0 23.0 
 
Figures 4.3a,b show the number of events to occur in each year which contributed to 
runoff with different maximum 30 minute intensities (I 30). According to Wischmeier and 
Smith (1958), the I30 of a rain event is indicative of event erosivity. Despite the much 
greater volume of rain in 1998 and the greater amount of soil loss, the number of events 
contributing to runoff from each of the I30 categories varied only slightly between the 
years.  
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Figure 4.3a. Number of events that produced runoff in 1998 with different I30 values 
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Figure 4.3b. Number of events that produced runoff in 1999 with different I30 values 
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4.2. Runoff and Soil Loss 
 
For each growing season, data on runoff and soil loss following individual rainfall events 
was determined. Data for runoff and soil loss was also totalled at the end of each growing 
season.  
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4.2.1 Total Seasonal Runoff 
In 1998, runoff was substantial on all three slopes and runoff was generated on 32 
occasions. The greatest amount of runoff occurred on the bare plots, which were devoid 
of vegetation cover during the entire growing season. Seasonal totals from the bare plots 
were 3420, 3092 and  2246 m3 ha-1 for Slopes I, II and III, respectively. On three 
occasions during 1998, the bare plot collector on Slope II overflowed, as runoff exceeded 
the 1 m3 collector capacity. In view of this, the data here are underestimates. Table 4.2 
shows total mean seasonal runoff generated from the cultivated plots on the three 
different slopes for 1998. In 1998 on the shallowest slope (Slope I), the downslope 
treatment (control) produced substantially more runoff than the other two treatments. 
There was, however, a large amount of variation within all treatments, making treatment 
differences insignificant. The CC+SM treatment produced the least runoff on Slope I 
during 1998. 
 
Table 4.2. Mean seasonal runoff under the different treatments in 1998 
 
Slope Treatment  Seasonal runoff (m3 ha-1) SE n 
    3 
I D 515.84 a 171.40  
 CC 191.02 a 74.73  
 CC+SM 62.84 a 41.07  
    3 
II D 1564.64 a 142.54  
 CC 881.20 b 120.53  
 CC+SM 247.34 c 23.02  
    3 
III D 345.4 a 16.67  
 CC 270.2 a 76.87  
 CC+SM 14.8 b 14.82  
Values followed by the same letter reading down the column for each slope are not significantly different at 
p < 0.05 
 
Slope F p LSD 
I 4.46 NS  
II 35.64 <0.001 381.19 
III 18.62  <0.001 4.52♦ 
♦LSD value refers to log10 transformed data 
 
 
The 10° slope (Slope II) produced the largest amount of seasonal runoff in 1998. This 
was unexpected, as this slope is not the steepest and in 1995 and 1996 Barton (2000) 
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reported an increase in runoff with increasing slope angle on the same plots. Runoff from 
the cultivated plots on Slope II followed the same pattern as Slope I in 1998. The D 
treatment produced the greatest runoff amount, followed by the CC treatment, then the 
CC+SM. One way ANOVA found a highly significant treatment effect and a post-hoc 
test found significant differences between all treatments (Table 4.2). On Slope II in 1998, 
contour cultivation significantly decreased runoff compared to downslope planting. The 
contour cultivation plus straw mulch treatment gave a further reduction in runoff, 
producing significantly less runoff than the downslope treatment and the contour 
cultivated treatment. 
 
Slope III produced less runoff per unit area in 1998 than Slope II, despite being steeper. 
This could have been due to differences in soil type,  history or plot size. Slope III was 
also sheltered compared to the other two slopes, being surrounded by woodland. For the 
cultivated plots, two of the CC+SM plots produced no runoff during the entire cropping 
season, despite the large amount of precipitation experienced in 1998. This led to the 
presence of zeros in the data set for the CC+SM treatment. In order to counteract this and 
to rectify the abnormal data distribution, data were transformed using log (x+1) before 
conducting a one way ANOVA. The ANOVA then showed a highly significant treatment 
effect. A subsequent LSD test found the CC+SM treatment produced significantly less 
runoff than the other two treatments, but did not find a significant treatment difference 
between the D and CC treatments (Table 4.2). 
 
In 1999 a problem arose with the collectors on Slope II. Half way through the season, 
leaks developed in several collectors at the bottom half of the slope. Ground water seeped 
into the collectors through small holes in the bottom. As the water had percolated through 
the concrete, it did not contain any sediment. This could be seen when clear sediment free 
water appeared in the collectors after there had been no rainfall. The leakage did not 
affect soil loss calculations on Slope II, as the amount of soil loss was calculated from 
sediment concentration in the entire runoff and was, therefore, self-compensating (i.e. the 
same amount of sediment was suspended in a larger amount of water, which was 
accounted for when the volume of runoff was measured). The exact point at which the 
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leaking started could not be determined and it was therefore decided not to use runoff 
data from Slope II in 1999. Leakage did not occur on Slopes I and III. Data are presented 
in Table 4.3. 
 
Table 4.3. Mean seasonal runoff under the different treatments in 1999 
Slope Treatment  Seasonal runoff (m3 ha-1) SE n 
     
I D 165.59 a 73.20  
 CC 40.06 a 6.35  
 CC+SM 51.16 a 18.40 3 
     
III D 395.71 a 55.09  
 CC 43.70 b 20.00  
 CC+SM 5.79 c 5.79 3 
 
 
Slope F p LSD 
I 2.53 NS  
III 15.63 <0.01 ♦0.95 
♦ LSD value refers to log transformed data 
 
In 1999 the bare plot on Slope I produced 1514.6 m3 ha-1 of runoff and the bare plot on 
Slope III 1758 m3 ha-1, approximately half the amount of runoff produced from the same 
plots in 1998. Of the cultivated plots on Slope I, the downslope treatment produced more 
runoff than the other two treatments, but not significantly.  
 
On Slope III, as in 1998, two of the CC+SM treatments produced no runoff, so data were 
transformed (log (x+1)). A one way ANOVA on the transformed data found highly 
significant treatment effects on seasonal runoff on Slope III in 1999. From Table 4.3, it is 
evident that significant treatment differences were found between all treatments after an 
LSD test was performed. Therefore, unlike the 1998 results, both CC and CC+SM 
significantly reduced runoff compared with D, and CC+SM  gave a further reduction 
compared with CC. 
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4.2.2 Total Seasonal Soil Loss 
 
At the end of both cropping seasons, the total amount of soil eroded from each plot on 
each slope was determined. Overall, 1998 was a highly erosive season and produced 
some very interesting data in terms of the performance of soil conservation measures in 
extreme conditions. The bare plot rate represents a potential erosion amount under the 
prevailing meteorological conditions and, as expected, the greatest soil loss occurred on 
the unreplicated bare plots on all three slopes (21.18, 79.11 and 43.4 t ha-1 on Slopes I, II 
and III, respectively).  As with the runoff data, the greatest amount of soil loss per unit 
area on the bare plots occurred on Slope II.  
 
Table 4.4. Mean seasonal soil loss under the different treatments 1998 
 
Slope Treatment  Seasonal soil loss (t ha-1) SE n 
    3 
I D 3.07 a 0.98  
 CC 0.57 b 0.19  
 CC+SM 0.21 b 0.12  
    3 
II D 19.11 a 3.30  
 CC 8.01 b 3.16  
 CC+SM 3.51 b 2.74  
    3 
III D 6.92 a 0.81  
 CC 6.29 a 2.11  
 CC+SM 0.04 b 0.05  
 
Slope F p LSD 
I 7.14 <0.05 2.01 
II 6.8 <0.05 10.65 
III 8.45 <0.05 4.52 
 
Table 4.4 shows total seasonal soil loss on the three slopes in 1998 under the three 
cultivation methods. Slope I produced the least seasonal soil loss in 1998. The D 
treatment produced by far the largest amount of soil loss on Slope I, followed by CC then 
CC+SM. A one way ANOVA found a significant treatment effect on total seasonal soil 
loss on Slope I. This was followed by an LSD test, which found the D treatment produced 
significantly more seasonal soil loss than the other two treatments. There was no 
significant difference between the CC and CC+SM treatment, showing that on the 3° 
slope under the highly erosive conditions experienced in 1998, contour cultivation plus 
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straw mulch and contour cultivation alone reduced soil loss significantly compared to 
downslope cultivation. In these circumstances, on Slope I, addition of straw mulch gave 
no significant advantage over contour cultivation alone in terms of reducing seasonal soil 
loss. 
 
Slope II produced the largest amount of soil loss in 1998. Significant treatment 
differences were found after analysis by one way ANOVA. From Table 4.4 it is evident 
that the downslope treatment produced significantly more soil loss than the other two 
treatments. Therefore, on Slope II as on Slope I, CC+SM and CC both significantly 
reduced seasonal soil loss compared with downslope cultivation. Addition of straw mulch 
gave no significant advantage over contour cultivation alone in terms of seasonal soil 
loss. The severity of this season in terms of erosion is evident when it is noted that the 
maximum amount of seasonal soil loss from any one plot noted by Barton (2000) on 
Slope II in 1995 was 15.3 t ha-1,  9.1 t ha-1 less than the 1998 maximum of 24.4 t ha-1.  
 
Soil loss on the 27° slope (Slope III) was also severe in 1998, but not as great as on Slope 
II. On Slope III, treatments D and CC produced very similar soil loss, D treatment 
producing slightly more, but not significantly so. Seasonal soil loss from the CC+SM 
treatment was very small on this slope (Table 4.4). Statistical analysis found significant 
treatment differences between CC+SM and the other two treatments, but not between D 
and  CC. On Slope III under the highly erosive conditions experienced in 1998, contour 
cultivation plus straw mulch  effectively reduced total seasonal soil loss, with a reduction 
of 99.4% compared with the downslope treatment. Contour cultivation alone however, 
was not an effective soil conservation measure on this slope. 
 
In 1999 there was lower seasonal rainfall and fewer high intensity rainfall events than 
1998, making it a less erosive year. Rainfall distribution was also different, with fewer 
large rainfall events at the beginning of the growing season (Chapter 4, Section 4.1). Soil 
loss from the bare plots in 1999 was 10.10, 44.83 and 61.54 t ha-1 for Slopes I,  II and III, 
respectively. For Slopes I and II, this was approximately half the amount recorded in  
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1998. However, on Slope III, a greater amount of soil loss occurred from the bare plot in 
1999. Mean seasonal soil loss for the cultivated plots is presented in Table 4.5. 
 
Table 4.5. Mean seasonal soil loss under the different treatments 1999 
 
Slope Treatment  Seasonal soil loss (t ha-1) SE n 
    3 
I D 0.64 a 0.23  
 CC 0.14 a 0.01  
 CC+SM 0.12 a 0.01  
    3 
II D 11.52 a 1.98  
 CC 1.64 b 0.55  
 CC+SM 0.30 b 0.02  
    3 
III D 8.62 a 3.26  
 CC 0.23 b 0.15  
 CC+SM 0.01 b 0.01  
 
Slope F χ2 p LSD 
I 4.76  NS  
II 26.59  <0.001 4.11 
III  7.26 <0.05 6.52 
 
 
Seasonal soil loss on Slope I was less during the 1999 season than in 1998. Of the 
cultivated plots, all treatments had a mean seasonal soil loss <1 t ha-1.  Treatments 
followed the same pattern as 1998, with D producing the greatest soil loss, followed by 
CC then the CC+SM treatment (Table 4.5). However, one way ANOVA found no 
significant treatment effects. Thus, in a less erosive season on the 3° slope, neither CC 
nor CC+SM significantly reduced soil loss. 
 
On Slope II, D produced the largest soil loss, followed by CC then CC+SM. On this 
slope, a highly significant treatment effect was found. The significant treatment 
difference lay between D and the other two treatments. No significant treatment 
difference was found between CC and CC+SM. The result on Slope II in 1999 was the 
same as in 1998, that both contour cultivation and contour cultivation plus straw mulch 
could significantly reduce seasonal soil loss, but that no significant reduction in soil loss 
resulted from adding straw mulch, as opposed to contour cultivation alone.  
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In the 1999 season, large treatment effects were found with the CC+SM treatment on 
Slope III, as these plots produced little soil loss. As there were zeros in the data set, a 
constant was added to all data before analysis. The data gave a significant result for 
Levene’s test for Homogeneity of Variance and it was, therefore, decided to carry out a 
non-parametric Kruskal Wallis test. This showed significant treatment effects. The 
probability level obtained from the Kruskal Wallis test was the same as obtained with a  
one way ANOVA, despite the heterogeneity of the data. Therefore, it was decided that it 
would be legitimate to carry out a post hoc LSD test. From Table 4.5, it can be seen that 
unlike 1998, significant differences existed between D and CC, as well as D and CC+SM. 
However, no significant treatment differences were found between CC and CC+SM. On 
Slope III, in 1999, in less erosive conditions, contour cultivation and contour cultivation 
plus straw mulch both significantly reduced soil loss compared with the downslope 
treatment. Unlike 1998, contour cultivation with straw mulch gave no extra protection 
against soil erosion than contour cultivation alone. 
 
4.2.3 Soil Loss and Rainfall Event Analysis 
Soil loss depends on several  factors which are functions of erosivity and erodibility. In 
the case of water erosion, erosivity is determined by rainfall intensity and duration, as 
well as the dimensions and velocity of raindrops (Morgan, 1995).   The measurement of 
the dimensions and velocity of raindrops was outside the remit of this study therefore, the 
analysis here is confined to rainfall intensity and duration, although the limitations of this 
are recognised. Rainfall parameters were measured for rainfall events during both 
cropping seasons and data are presented in Section 4.1. In both years, the number of 
events occurring with different maximum 30 minute intensities were similar. However, in 
1998 a greater amount of rainfall occurred, resulting in a greater amount of soil loss. It 
was decided to categorise events in terms of maximum 30 minute intensity and the 
percentage contribution they made to total seasonal soil loss.  For this purpose, total soil 
loss from all plots on each of the three slopes was used. Some rainfall events occurred in 
quick succession and it was not possible to attribute soil loss to one specific event, 
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consequently these events were omitted from the analysis. Figures 4.4a,b show the 
contribution made to total soil loss by rainfall with different I30  values. 
 
Figure 4.4a. Percentage contribution of rainfall events of varying I30 (mm hr-1) to total soil 
loss during the 1998 cropping season 
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Figure 4.4b. Percentage contribution of rainfall events of varying I30 (mm hr-1) to total 
soil loss during the 1999 cropping season 
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Categories increasing in increments of 10 were chosen for Figures 4.4a,b to show the 
contribution made by the higher rainfall intensity categories to soil loss. In Figure 4.4a, 
two categories are presented (21-30 and 51-60) which do not have any data, this is simply 
due to the scale chosen. Where storms from these specific categories did occur, they did 
not result in soil loss, as storms were too short. Figure 4.4a shows that most soil loss  
occurred during the 1998 season as the result of events with maximum 30 minute 
intensities > 40 mm hr-1. In addition, 22% of total soil  loss occurred as the result of one 
particularly intense storm, with an I30 of 70.8 mm hr-1. In 1999, the majority of soil loss 
(58.6%) resulted from events with I30 s 31- 40 mm hr-1 (Figure 4.4b). This shows that in 
1998 more soil loss resulted from high intensity storms than in 1999. 
 
Rainfall parameters and treatment effects 
For rainfall events, measurements of rainfall amount (P - mm), average intensity (IAV - 
mm hr-1) and duration (Dt - minutes) were determined. In addition, maximum 30 minute 
rainfall intensity (I30 - mm hr-1) was calculated from rainfall charts. Stepwise multiple 
regression was carried out for each treatment on each slope, with soil loss as the 
dependent variable and P, Dt, IAV and I30 as predictors. Analysis was carried out using 
SPSS 9 for Windows. The aim was to examine which rainfall factors were important in 
determining soil loss on each slope and if importance varied with treatment (Table 4.6). 
 
 
Table 4.6. Regression analysis for soil loss and rainfall parameters (P, Dt, IAV and I30) in 
1998. 
Slope Treatment R2 n p Regression equation 
(SL= soil loss in kg ha-1) 
Dominant 
determinant 
       
I D 0.618 18 0.001 SL = 19.17 P – 1.25 Dt – 43.33 P 
 CC 0.230 14 NS   
 CC+SM 0.668 12 0.01 SL = 0.68 P– 0.028 Dt – 2.36 P 
       
II D 0.586 24 0.001 SL = 47.50 I30 + 29.92 P – 787.5 I30
 CC 0.450 20 0.01 SL = 39.23 P -1.82 Dt – 28.96 P 
 CC+SM 0.433 19 0.01 SL = 1.64 I30 –  0.072 I30
       
III D 0.897 7 NS   
 CC 0.928 6 NS   
NB. On Slope III NS result was found due to the low  number of n for 4 predictors. 
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For different slopes and different treatments, n varied, as soil loss did not occur from all 
treatments after every storm. Typically, treatment D produced soil loss on more occasions 
on all slopes and, therefore, had a greater number of events in the regression analysis. On 
Slope I, no significant correlation was found between soil loss from CC and any of the 
rainfall parameters considered. For the other two treatments, soil loss was positively 
correlated with rainfall amount and negatively correlated with rainfall duration, as 
expected. The Beta values given in the SPSS output were used to determine which of 
these factors were the most important in determining soil loss in the equation. For both 
treatments on Slope I, P had a large positive Beta value and Dt had a comparatively small 
negative Beta value i.e. for the downslope treatment, Beta = + 1.03 for P and – 0.71 for 
Dt. The greater importance of P compared to Dt explains why average rainfall intensity 
was not a very good determinant of soil loss on Slope I, as IAV assumes rainfall amount 
and duration to be of equal importance. 
 
On Slope II, for CC, P and Dt were the most important determinants of soil loss, again 
with P having a greater positive effect than Dt, which had a negative effect. For D, I30 and 
P were both positive determinants of soil loss, with P having a greater Beta value and, 
therefore, being a greater determinant. For CC+SM on Slope II, I30 was the only predictor 
left in the regression equation, again showing a positive correlation with soil loss. On 
Slope III, soil loss occurred on fewer occasions than on the other two slopes. For both the 
D and CC treatments, no significant correlation was found between soil loss and any of 
the rainfall parameters considered. This result was, however, probably due to the small 
size of the data sets, compared with the number of parameters considered. Soil loss only 
occurred from the CC+SM plots on Slope III on two of the occasions chosen for analysis. 
It was not, therefore, possible to analyse the data by regression. The occasions on which 
soil loss did occur from the CC+SM treatment on Slope III were when the highest I30 
occurred and when the largest amount of rainfall occurred, which were on two separate 
occasions.  
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Table 4.7. Regression analysis for soil loss and rainfall parameters in 1999 
Slope Treatment R2 n p Regression equation 
(SL= soil loss, in kg ha-1) 
Dominant 
determinant 
       
I D 0.720 26 <0.001 SL = 6.97 IAV +  0.13 Dt – 47.55 IAV
 CC 0.575 20 <0.001 SL = 0.462 I30 – 0.973 I30
 CC+SM 0.607 17 <0.001 SL = 0.363 I30 – 0.527 I30
       
II D 0.720 31 <0.001 SL = 132.29 IAV + 0.94 Dt – 652.62 IAV
 CC 0.477 26 <0.001 SL = 6.83 P – 65 P 
 CC+SM 0.211 24 NS   
       
III D 0.714 14 <0.001 SL = 9.45 I30 + 12.23 IAV  – 123.50 IAV
       
 
In 1999, rainfall amount was less and far less soil loss occurred than in 1998. For all 
treatments on Slope I in 1999, soil loss appeared to be dependent on rainfall intensity, 
rather than rainfall duration or amount. This was contrary to the situation in 1998. For  
CC and CC+SM, similar regression equations were derived, with the I30 being the only 
rainfall parameter to remain in the equation (Table 4.7). For D average intensity and 
duration both remained in the equation with IAV being the most important predictor. 
 
D on Slope II, followed the same pattern as D on Slope I, with Iav and Dt being 
determinants of soil loss with IAV being the most important predictor. For the CC 
treatment, however, rainfall intensity was not a substantial determinant of soil loss but P 
was, with a regression equation being derived with P as the only predictor. No significant 
correlation was found between soil loss on Slope II under the CC+SM treatment and any 
of the rainfall parameters considered. On Slope III, for the D treatment, a positive 
correlation was found between soil loss and I30 and IAV, unlike Slopes I and II Dt did not 
remain in the equation. For CC and CC+SM on Slope III, soil loss was produced after 
three rainfall events only, so no regression analysis could be performed. These events 
were those with the three largest amounts of rainfall and not the three largest I30 values. 
Regression plots of the 1998 and 1999 data are presented in Figure 4.5a-c for those cases 
with simple regression equations only. 
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Figure 4.5a. Soil loss versus I30 Slope II, CC+SM 1998 
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  Figure 4.5b. Soil loss versus I30 Slope I, CC 1999 
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Figure 4.5c. Soil loss versus I30 Slope I, CC+SM 1999 
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4.3 Soil Temperature and Moisture  
In both years, soil temperature and moisture were measured on Slope II. Sampling was 
carried out more frequently in 1999, but otherwise procedures were identical. From the 
1998 soil temperature data, it became apparent that there were significant blocking effects 
and, therefore, that the sampling procedure did not eliminate the effects of short-term 
meteorological change on soil temperature. After careful consideration it was decided not 
to change the sampling procedure in 1999, despite this fact, as a change in sampling 
procedure would make year-to-year comparisons of data difficult.  
 
4.3.1 Soil Moisture 
The two growing seasons were very different in terms of rainfall amount and distribution 
(Section 4.1). This gave rise to very different treatment effects on soil moisture in the two 
years. During 1998, soil moisture was measured nine times every two weeks, regardless 
of weather conditions on Slope II on the contour cultivated and contour cultivated plus 
straw mulch plots only. Treatment effects varied during the season (Figure 4.6). 
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Figure 4.6. Soil moisture at 0-6cm depth during the 1998 cropping season on the non-
mulched (CC) and mulched (CC+SM) plots  
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NB. White star denotes significant difference P  < 0.05,  black star P < 0.01 
 
Data were analysed by  two way ANOVA with the three blocks and two treatments as 
independent factors. The blocking in this instance was relevant, as it accounted for 
differences due to sampling times rather than any spatial differences (Chapter 3, Section 
3.6). On each plot, 10 soil moisture measurements  were made, these data were used in 
the analysis, giving 10 values for each treatment in each block. Significant effects were 
found on three occasions. On two occasions, CC+SM produced a significantly higher soil 
moisture content than the non-mulched CC treatment and on one occasion the effect was 
reversed. 
 
 
In 1999, the sampling method was modified (Chapter 3, Section 3.6), so that samples 
were taken more frequently in dry periods. During this growing season, CC+SM plots 
had a significantly higher soil moisture content than the non-mulched CC plots on six 
occasions, all of which occurred in the first half of the growing season (Figure 4.7). No 
significant block effects were found on any of the dates. However, significant block x 
treatment interactions were found 54 DAS (F = 9.26, P < 0.01) and 81 DAS (F = 3.50, P 
< 0.05). 
 
 108
Figure 4.7. Soil moisture during the 1999 cropping season on the non-mulched (CC) and 
mulched (CC+SM) plots  
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4.3.2 Soil Temperature 
Soil temperature was measured at the soil surface (~ 1 cm deep) and at a depth of 5 cm. 
For soil surface temperature in 1998, significant treatment effects were found on five out 
of the nine times when measurements were taken (Figure 4.8). On each of these 
occasions, CC+SM  had a significantly lower soil temperature than CC. Significant block 
effects were found on all measurement dates. 
 
Figure 4.8.  Soil surface temperature during the 1998 growing season on the non-mulched 
(CC) and mulched (CC+SM) plots  
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In 1999 significant treatment effects were found for soil surface temperature on all but 
one of the measurement times (Figure 4.9). As with 1998, CC+SM had a lower soil 
surface temperature than CC. 
 
Figure 4.9. Soil surface temperature during the 1999 growing season on the non-mulched 
(CC) and mulched (CC+SM) plots  
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NB. White star denotes significant difference P  < 0.05,  black star P < 0.01 
 
Soil temperature was also measured at a depth of 5 cm. In 1998 the only significant 
treatment effect on soil temperature at 5 cm was 9 DAS, which was the first measurement 
date (Figure 4.10). There were significant block effects on almost all of the measurement 
dates. In 1999, significant treatment effects were found on all but three measurement 
dates (Figure 4.11). 
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Figure 4.10. Soil temperature at 5 cm depth during the 1998 growing season on the non-
mulched (CC) and mulched (CC+SM) plots  
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Figure 4.11 Soil temperature at 5 cm depth during the 1999 growing season on the non-
mulched (CC) and mulched (CC+SM) plots. 
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Soil temperature measurements were also taken at the maize stem base. There is evidence 
to suggest that stem base temperature in maize can have as large an influence on nutrient 
uptake as root zone temperature (Chapter 2, Section 2.10). Figure 4.12 shows stem base 
temperature on the eight measurement occasions in 1998. The first measurement of stem 
base temperature in 1998 was not made until 23 days after sowing, this was later than the 
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other temperature measurements, as it was considered that earlier measurements may 
cause damage to the plants. Data were analysed by two way ANOVA, using block and 
treatment as independent variables. Significant treatment effects arose on the first and 
second measurement occasions. Twenty three days after sowing, CC had a significantly 
higher stem base temperature than the CC+SM treatment. On the second occasion, 37 
days after sowing, the effect was reversed and the CC+SM treatment had a significantly 
higher stem base temperature than the CC treatment. This effect could have been due to 
the distribution of straw mulch around the stem base on the two occasions. At the 
beginning of the season, the straw mulch was spread evenly over the entire plot, so it was 
more likely that there was straw mulch surrounding the base of the stems at 23 days after 
sowing than 37 DAS. On all measurement dates there were significant block effects and 
on five of the eight times there were significant block x treatment interactions. This 
indicates that short term meteorological changes, which occurred during the sampling 
time, affected stem base temperature.  
 
In 1999, stem base temperature was measured more frequently than in 1998. As with 
1998, significant treatment effects were found at the beginning of the season, but this 
year significant treatment effects were also found in the mid-season and end of the season 
(Figure 4.13). On all occasions where significant treatment differences did occur, the CC 
treatment had a higher stem base temperature than the CC+SM treatment. Six of the nine 
occasions also produced significant block effects. However, a significant block x 
treatment interaction was only found once, on the first measurement. 
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Figure 4.12. Stem base temperature during the 1998 growing season on the non-mulched 
(CC) and mulched (CC+SM) plots 
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Figure 4.13. Stem base temperature during the 1999 growing season on the non-mulched 
(CC) and mulched (CC+SM) plots  
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4.3.3 Soil Matric Potential 
Measurements were also made of soil matric potential, which gives a more accurate 
analysis of water availability to maize roots than soil moisture alone. Measurements were 
made on two plots only, one CC and one CC+SM. Lack of replication was due to lack of 
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equipment due to expense. The two probes used to measure soil matric potential were 
buried at 10 cm depth and therefore measured soil matric potential at this depth only.  
 
In 1998, no treatment differences in soil matric potential were found and both probes 
registered soil as being at field capacity for the entire growing season (matric potential 
reading of 0). Measurements were taken on a weekly basis (due to time constraints)  and 
it could have been the case that treatment differences occurred in the intervening periods. 
However, 1998 was an extremely wet year with rainfall spread evenly throughout the 
season (Section 4.1). In contrast, in 1999 there was a very distinct drought period, during 
which time marked treatment differences occurred. Figure 4.14, shows soil matric 
potential on the two plots from 10-45 days after sowing.  
 
Figure 4.14. Soil matric potential between 10 and 45 days after sowing on the CC plot 
and the CC+SM plot during the 1999 cropping season  
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During the drought period, the non-mulched CC plot showed a rapid decline in soil 
matric potential and had reached permanent wilting point (PWP) by 30 days after sowing. 
The mulched plot (CC+SM) showed a much slower decline in soil matric potential and 
was still well above PWP when it rained, 41 days after sowing. These results illustrate the 
large benefit in terms of water availability in the 0-10 cm soil depth to be gained from 
having a surface covering of straw mulch. During the drought, the maize plants were 
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watered when they showed signs of extreme water stress. It was decided to do this, as 
plant survival was paramount to the continuation of the study and also as a local farmer 
faced with the same situation would have taken the same action. Watering was carried out 
directly into the maize pits. It is unlikely that the soil matric probes were affected by the 
watering, as they were not located in the maize pits. However, for the same reason, the 
probes did not reflect the amount of water actually available to the maize plants and only 
showed the potential benefits of surface mulching. 
 
4.4 Soil Bulk Density 
 
Soil bulk density was measured at the beginning and end of each cropping season, to 
determine if the different cultivation treatments caused varying levels of compaction. All 
treatments were subjected to the same levels of disturbance from weeding and fertilising. 
Measurements were taken at two depths, 0-10 and 10-20 cm. Data for both cropping 
seasons were subject to one way ANOVA, on a slope-by-slope basis. In all, there were 
six analyses per slope per year, beginning of season, end of season and analysis on 
percentage change over the season. Tables 4.8a and 4.8b show soil bulk density and 
outcome of ANOVA for 1998 at the 0-10 and 10-20 cm depths, respectively.  
 
In 1998, soil bulk density on Slope I decreased with increasing slope angle. However, the 
lower bulk density on Slope III was probably due to the different histories of the slopes 
and not slope angle alone, with Slope III being woodland five years prior to the start of 
the experiment, rather than under agricultural production. Generally bulk density was less 
at 10-20 cm depth than at 0-10 cm depth, indicating compaction in the soil surface. On all 
slopes, no significant treatment effects were found either at the beginning or end of the 
season on bulk density or in terms of percentage change over the season. However, some 
trends were found. 
 
On Slope I, at 0-10 cm depth, bulk density increased during the cropping season under all 
treatments. The largest percentage change occurred with the CC+SM treatment. At 10-20 
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cm depth on the same slope, bulk density also increased for all treatments, again with 
CC+SM showing the largest increase. The bare plot at 10-20 cm was an exception to this, 
with bulk density decreasing by 7%. An increase in soil bulk density under the straw 
mulched plots was unexpected, as it was hypothesised that mulch would protect the soil 
surface from raindrop impact and subsequent compaction. At the beginning of the 1998 
season, bulk density on Slope II at 0-10 cm depth was similar for all treatments. All 
treatments showed increased bulk density over the season, with the largest increase on the 
CC treatment. Conversely, at 10-20 cm depth on Slope II, all treatments showed 
decreased bulk density during the 1998 cropping season. Slope III had the lowest bulk 
density of all three slopes, with most values on this slope being <1. At 0-10 cm depth, all 
treatments underwent a large increase in bulk density during the season by a mean of 
12.78 %. This was the largest increase on any of the slopes during the 1998 season. The 
bare plot showed a 6.2% decrease. At 10-20 cm depth, much smaller seasonal changes 
occurred, but as with the 0-10 cm depth, all treatments showed an overall increase in bulk 
density during the cropping season. The smallest change occurred with the CC treatment, 
which increased by just 1.24 % over the season.  
 
Table 4.8a. Mean dry bulk density (± standard error of the mean) at 0-10 cm depth at the 
beginning and end of the 1998 cropping season  
  Slope I Slope II Slope III 
Treatment  Beg. 
g /cm3
End 
g /cm3
% 
change 
Beg. 
g /cm3
End 
g /cm3
% 
change 
Beg. 
g /cm3
End 
g /cm3
% 
change 
D 
 
 
Mean 
S.E. 
1.08 
 0.02 
1.14 
0.03 
5.24 
4.55 
1.04 
 0.01 
1.07 
0.02 
2.73 
1.34 
0.90 
0.02 
1.01 
0.02 
12.71 
5.04 
CC 
 
 
Mean 
S.E. 
1.06 
0.01 
1.14  
0.05 
7.76 
4.87 
1.04 
0.02 
1.12 
0.04 
7.89 
4.10 
0.89 
0.01 
1.02 
0.03 
15.00 
2.83 
CC+SM 
 
 
Mean 
S.E. 
1.02 
0.01  
1.12  
0.01 
9.37 
1.71 
1.03 
0.01 
1.08 
0.02 
4.46 
1.52 
0.90 
0.04 
1.00 
0.03 
10.64 
3.07 
Bare Mean 1.12 1.19 6.6 1.01 1.03 1.9 1.00 0.94 -6.2 
           
 F 4.14 0.12 0.25 0.12 0.88 0.97 0.07 0.24 0.37 
NB. F values are following a one way ANOVA. 
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Table 4.8b. Mean dry bulk density (± standard error of the mean) at 10-20 cm depth at the 
beginning and end of the 1998 cropping season  
 
 Slope I Slope II Slope III 
Treatment  Beg. 
g /cm3
End 
g /cm3
% 
change 
Beg. 
g /cm3
End 
g /cm3
% 
change 
Beg. 
g /cm3
End 
g /cm3
% 
change 
D 
 
 
Mean 
S.E. 
1.04 
0.01 
1.09  
0.02 
4.94 
2.47 
1.07 
0.03 
1.00 
0.02  
-6.23 
4.27 
0.89 
0.03 
0.95 
0.03 
7.10 
7.29 
CC 
 
 
Mean 
S.E. 
1.03 
0.01 
1.08  
0.03 
4.06 
3.41 
1.02 
0.01 
0.97 
0.20 
-5.22 
2.22 
0.93 
0.01 
0.94 
0.01 
1.24 
0.45 
CC+SM Mean 
S.E. 
1.00 
0.01 
1.11 
0.01 
11.16 
2.28 
1.06 
0.02 
0.96  
0.02 
-9.27 
0.38 
0.91 
0.02 
0.93 
0.06 
2.38 
5.22 
           
Bare Mean 1.16 1.08 -7.1 1.01 0.96 -4.8 1.01 1.07 6.6 
           
 F 2.89 0.81 1.86 1.20 0.68 0.55 0.96 0.62• 0.28 
NB. F values are following a one way ANOVA, or where • appears are χ2 values for K Wallis tests. 
 
In 1999, soil bulk density followed the same pattern as in 1998, with Slope I having the 
highest values, then Slope II followed by Slope III. As with the 1998 data, no significant 
treatment effects were found on any of the Slopes in 1999. Data for soil bulk density 
during the 1999 cropping season are given in Tables 4.9a,b. 
 
Table 4.9a. Mean dry bulk density (± standard error of the mean) at 0-10 cm depth at the 
beginning and end of the 1999 cropping season  
 
  Slope I Slope II Slope III 
Treatment  Beg. 
g /cm3
End 
g /cm3
% 
change 
Beg. 
g /cm3
End 
g /cm3
% 
change 
Beg. 
g /cm3
End 
g /cm3
% 
change 
D 
 
 
Mean 
S.E. 
1.12 
0.05 
1.20 
0.02 
7.20 
3.56 
0.98 
0.03 
1.12 
0.01 
14.94 
4.51 
0.99 
0.02 
1.11 
0.02 
12.74 
4.77 
CC 
 
 
Mean 
S.E. 
1.00 
0.01 
1.14  
0.02 
13.89 
2.24 
1.00 
0.01 
1.12 
0.03 
11.96 
2.94 
0.91 
0.03 
1.08 
0.01 
18.29 
3.94 
CC+SM 
 
Mean 
S.E. 
1.06 
0.00 
1.17  
0.04 
10.43 
3.85 
1.00 
0.01 
1.16 
0.03 
16.09 
1.59 
0.94 
0.03 
1.05 
0.03 
10.87 
3.01 
           
Bare Mean 1.05 1.14 8.48 0.89 0.96 7.74 0.92 1.15 25.47 
           
 F 5.6• 1.48 0.80 0.41 1.36 0.52 1.43 2.21 0.87 
NB. F values are following a one way ANOVA. or where • appears χ2 values for K Wallis tests. 
 
 
 117
Table 4.9b. Mean dry bulk density (± standard error of the mean) at a depth of 10-20 cm 
at the beginning and end of the 1999 cropping season  
 
  Slope I Slope II Slope III 
Treatment  Beg. 
g /cm3
End 
g /cm3
% 
change 
Beg. 
g /cm3
End 
g /cm3
% 
change 
Beg. 
g /cm3
End 
g /cm3
% 
change 
D 
 
 
Mean 
S.E. 
1.10 
0.07 
1.18 
0.05 
7.95 
5.09 
1.00 
0.02 
1.13 
0.01 
12.51 
2.06 
0.99 
0.04 
1.06 
0.03 
7.47 
6.61 
CC 
 
 
Mean 
S.E. 
1.00 
0.05 
1.19 
0.05 
19.22 
7.92 
1.00 
0.01 
1.12 
0.03 
11.50 
3.77 
0.98 
0.01 
1.02 
0.04 
2.73 
3.06 
CC+SM 
 
Mean 
S.E. 
1.08 
0.01 
1.18 
0.02 
8.87 
2.58 
0.98  
0.02 
1.16 
0.02 
17.98 
2.36 
1.02 
0.03 
1.06 
0.04 
4.09 
1.68 
           
Bare Mean 1.14 1.14 0.18 1.00 1.00 -0.44 0.95 1.09 14.69 
           
 F 1.12 0.02 1.14 0.53 1.37 1.55 0.52 0.87 0.28 
NB. F values are following a one way ANOVA.  
 
On Slope I in 1999, bulk density increased for all treatments at both depths with the 
largest increase occurring with the CC treatment at both depths. Bulk density on the bare 
plot at 10-20 cm underwent a very slight change over the 1999 cropping season, just 
0.18%, suggesting that cultivation caused compaction on the other plots at 10-20 cm 
depth. On Slope II in 1999, soil bulk density was the same at 0-10 cm depth as at the 10-
20 cm depth at the beginning of the growing season. At the end of the cropping season, 
bulk density at 0-10 and 10-20 cm depths were again very similar. During the 1999 
season, all treatments on Slope II, at both depths, showed an increase in bulk density with 
the largest increase occurring on the CC+SM treatment. On the bare plot at 10-20 cm 
depth, there was a small decrease in bulk density during the 1999 cropping season. On 
Slope III, at 0-10 cm, depth all plots underwent an increase in bulk density during the 
cropping season, including the bare plot which showed the largest increase at 25%. At the 
beginning and end of the 1999 season, bulk density was slightly higher under the D 
treatment than the other two treatments at 0-10 cm depth. At 10-20 cm depth, on Slope 
III, much smaller seasonal increases occurred than at 0-10 cm depth. The biggest increase 
occurred on the bare plot at 14.69 %. Of the cultivated plots, the smallest increase 
occurred under the CC treatment.   
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4.5 Chemical Analysis of Soil Samples 
 
4.5.1 Soil pH 
The  soil on the experimental plots is according to the Chinese classification a Red Earth 
(Zhao et al. 1990). Red Earths are usually acidic and a typical soil in Kunming has a pH 
of 5.9 at  0-10 cm depth (Zhao et al. 1990). Red Earths are however, heavily influenced 
by their parent material, which is in this case Limestone, an alkaline parent material. Soil 
pH in this study was measured at 0-15 cm depth (sampling procedure is outlined in 
Chapter 3, Section 3.8.1). Measurements were made in both H2O and CaCl2. 
Measurements taken in CaCl2 can stabilise pH readings and reduce the dependency of the 
reading on solution concentration (Landon, 1991). In CaCl2 solution, pH values are 
generally lower than those in water by ~0.5 units, with the difference being greater for 
neutral soils. Soil pH was measured at the beginning and end of both the 1998 and 1999 
cropping seasons and on samples taken at the beginning of the 1997 cropping season, 
which had been archived before this experimental programme began. Mean soil pH on 
each of the slopes is presented in Table 4.10 for the period between 1994 and 1999 (data 
for 1994 -1996 are from Barton (2000)).  
 
Table 4.10. Mean soil pH (n = 10) in April/May on the three slopes from 1994 - 1999  
(measurements in H2O) 
 
Slope 1994 1995 1996 1997 1998 1999 
       
I      3° 7.21 7.75 7.77 7.75 7.12 7.60 
II    10° 6.27 7.22 7.46 7.23 6.94 7.06 
III   27° 4.90 5.64 6.27 6.12 5.89 5.69 
 
Soil pH is consistently highest on the shallowest slope, becoming more acidic with 
increasing slope angle (Table 4.10). From the time the erosion plots were built in 1993 
until 1996, soil pH on all three slopes steadily increased, with conditions becoming less 
acidic. Between 1997 and 1999, pH declined slightly on Slopes I and II then increased 
again. On Slope III, they declined steadily. However, in 1999 pH values were still much 
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higher than those recorded in 1994, indicating that since erosion studies have been taking 
place on these plots, conditions have become more alkaline. 
 
Both the 1998 and 1999 soil pH data were analysed on a slope-by-slope basis excluding 
the unreplicated bare plot. Tables 4.11a, b show soil pH measured in H2O and CaCl2 
respectively, on all three slopes in 1998, plus the outcome of one way ANOVA carried 
out at the beginning and end of season. No significant treatment effects were found on 
soil pH on any of the slopes in 1998. 
 
 
Table 4.11a. Mean soil pH in H2O (± standard error of the mean, n = 3) at the beginning 
and end of the 1998 cropping season 
  
  Slope I Slope II Slope III 
Treatment  Beg. 
 
End 
 
Change 
 
Beg. 
 
End 
 
Change 
 
Beg. 
 
End 
 
Change 
 
D 
 
 
Mean 
SE 
7.22   
0.02 
7.47   
0.09 
0.25 
0.11 
6.81  
0.09 
6.81 
0.15 
0.00 
0.12 
5.81 
0.31 
6.00  
0.32 
0.19 
0.05 
CC 
 
 
Mean 
SE 
7.01 
0.17 
7.27  
0.19 
0.26 
0.03 
6.92  
0.12 
7.02 
0.19 
-0.10 
0.07 
5.90 
0.21 
5.88 
0.37 
-0.02 
0.17 
CC+SM 
 
 
Mean 
SE 
7.01   
0.19 
7.26   
0.19 
0.25 
0.02 
6.95 
0.31 
6.99  
0.43 
-0.04 
0.15 
 
6.01 
0.57 
6.18 
0.61 
0.17 
0.08 
Bare Mean 7.48 7.59 0.11 7.37 7.19 -0.18 5.7 5.56 -0.14 
           
 F 0.65 0.55 0.62• 0.15 0.16 0.22 0.07 0.1 0.72 
NB. F values are following a one way ANOVA, or where • appears are χ2 values for K Wallis tests. 
 
 
 
On Slope I, the unreplicated bare plot had a higher pH than the other treatments which 
increased during the season. All other plots also increased in pH during the season by 
~0.25 units when measured in both H2O and CaCl2. In the case of Slope I, values were 
0.33 and 0.35 units lower at the beginning and end of the season, respectively, when 
measured in CaCl2 rather than H2O. On Slope II, soil pH  was lower than on Slope I. On 
all plots,  pH values decreased during the growing season by ~0.05 units in H20 and  0.27 
in CaCl2. 
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Table 4.11b. Mean soil pH in CaCl2 (± standard error of the mean, n = 3) at the beginning 
and end of the 1998 cropping season 
 
  Slope I Slope II Slope III 
Treatment  Beg. 
 
End 
 
Change 
 
Beg. 
 
End 
 
Change 
 
Beg. 
 
End 
 
Change 
 
D 
 
 
Mean 
SE 
6.88  
0.10 
7.10   
0.05 
0.22 
0.06 
6.71  
0.09 
6.39  
0.08 
-0.32 
0.08 
5.7  
0.32 
5.64  
0.31 
-0.06 
0.05 
CC 
 
 
Mean 
SE 
6.73  
0.12 
6.97  
0.14 
0.24 
0.04 
6.73  
0.10 
6.55 
 0.16 
-0.18 
0.10 
5.87   
0.15 
5.53  
0.33 
-0.34 
0.19 
CC+SM 
 
 
Mean 
SE 
6.68  
0.12 
6.96  
0.17 
0.28 
0.09 
6.77 
0.22 
6.46  
0.34 
-0.31 
0.15 
5.90  
0.59 
5.78 
0.62 
-0.12 
0.08 
Bare Mean 7.11 7.16 0.05 7.05 6.84 -0.21 5.42 5.13 -0.29 
           
 F 0.80 0.35 0.22 0.15 0.13 3.83• 0.07 0.08 * 2.75 
NB. F values are following a one way ANOVA, or where • appears are Chi 2 values for K Wallis tests. 
 
 
Bare plot pH values were higher than the other treatments at the beginning and end of the 
season. As pH levels on Slope II were all very close to neutral, measurements taken in 
CaCl2 gave a more accurate indication of pH than those taken in H2O. Slope III had the 
lowest pH of the three slopes. At the beginning and end of the 1998 cropping season, the 
CC+SM plots had a slightly higher pH value than the other two treatments. When pH was 
measured in H2O, it appeared to increase over the season for all treatments, apart from 
CC and the bare plot. However, when measured in CaCl2, all treatments showed a 
seasonal decrease. On this slope, pH values were only slightly lower when measured in 
CaCl2 compared with H2O.  
 
At the beginning of the 1999 season, pH values measured in H2O were slightly higher 
than at the end of the 1998 season  (Table 4.12a). During winter all plots were under 
wheat cultivation, (including the bare plots) and were treated in the same way (Chapter 3, 
Section 3.3.2). As in 1998, no significant treatment effects on pH were found on any of 
the slopes in 1999. On Slope I, in 1999, the D plots had on average a higher pH than the 
other two treatments. Soil pH at the beginning and end of the season were very similar 
when measurements were made in H2O, giving very small seasonal changes for all 
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treatments and a slightly larger change for the bare plot. However, when measurements 
were made in CaCl2, seasonal changes were larger for the CC plot and an increase rather 
than a decrease was recorded for the D treatment (Table 4.12b). As pH values on Slope I 
were all > 7, it is reasonable to assume a more accurate measure of pH is given in CaCl2 
solution. Generally on Slope II, soil pH was lower than on Slope I in 1999. As in 1998, 
pH was higher on the bare plot than on the cultivated plots on Slope II. Over the season, 
all plots increased in pH. The seasonal change when measured in CaCl2 was smaller than 
in H2O. 
 
Table 4.12a. Mean soil pH in H2O (± standard error of the mean, n = 3) at the beginning 
and end of the 1999 cropping season 
 
  Slope I Slope II Slope III 
Treatment 
 
 Beg. 
 
End 
 
Change 
 
Beg. 
 
End 
 
Change 
 
Beg. 
 
End 
 
Change 
 
D 
 
 
Mean 
SE 
7.79   
0.00 
7.75   
0.14 
-0.04 
0.15 
6.97   
0.07 
7.19    
0.13 
0.22 
0.07 
5.81 
0.37 
6.19  
0.39 
0.38 
0.02 
CC 
 
 
Mean 
SE 
7.51   
0.22 
7.54  
0.14 
0.03 
0.16 
6.98   
0.27 
7.30  
0.26  
0.32 
0.02 
5.50  
0.21 
5.92  
0.24 
0.42 
0.24 
CC+SM 
 
 
Mean 
SE 
7.46  
0.31 
7.52   
0.29 
0.06 
0.16 
7.09   
0.42 
7.31   
0.32 
0.22 
0.10 
5.93  
0.55 
6.10  
0.56 
0.17 
0.01 
Bare Mean 7.74  7.86 0.12 7.48 7.72 0.24 5.23  5.65 0.42 
           
 F 0.63 0.39 0.12 0.06 0.08 0.67 0.30 0.11 0.2• 
NB. F values are following a one way ANOVA, or where • appears are χ2 values for K Wallis tests. 
 
 
 
On Slope III, pH values at the beginning of the 1999 season were very similar to those at 
the end of the 1998 season.  Measurements taken in H2O and CaCl2 showed the CC plots 
to have a lower soil pH than the other treatments at the beginning and end of the season. 
The bare plot had a lower pH than the other plots when measured in H2O and also 
exhibited the largest increase over the season. When measurements were made in CaCl2 
the trend for seasonal change was reversed, with all treatments on average showing 
decreased pH over the season. Note must be taken however, of the standard errors. At the 
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end of the season, soil pH measured in CaCl2 for the bare plot was 0.77 units lower than 
the measurement made in H2O, a substantial difference considering the low pH. 
Table 4.12b Mean soil pH in CaCl2 (± standard error of the mean, n = 3) at the beginning 
and end of the 1999 cropping season. 
 
  Slope I Slope II Slope III 
Treatment 
 
 
 
 Beg. 
units 
of pH 
End 
units 
of pH 
Change 
units of 
pH 
Beg. 
units 
of pH 
End 
units 
of pH 
Change 
units of 
pH 
Beg. 
units 
of pH 
End 
units 
of pH 
Change 
units of 
pH 
D Mean 
SE 
 
7.24   
0.03 
7.31   
0.10 
0.07 
0.13 
6.60  
0.07 
6.62   
0.21  
0.02 
0.14 
5.58  
0.29 
5.58  
0.36 
0.00 
0.12 
CC Mean 
SE 
 
6.89  
0.13 
7.06   
0.13 
0.17 
0.07 
6.66   
0.22 
6.81  
0.24 
0.15 
0.02 
5.41 
0.15 
5.36 
0.1 
-0.05 
0.17 
CC+SM 
 
 
Mean 
SE 
 
7.08   
0.26 
7.12   
0.24 
0.04 
0.11 
6.69  
0.36 
6.89   
0.30 
0.20 
0.11 
5.66 
0.52 
5.46  
0.51 
-0.19 
0.04 
Bare Mean 7.08 7.24 0.16 7.01 7.17 0.16 5.01  4.88  -0.13 
           
 F 1.05 0.63  1.05 0.63 0.39 0.13 0.09      0.70 
NB. F values are following a one way ANOVA, or where •appears are Chi 2 values for K Wallis tests. 
 
 
4.5.2 Soil Organic Carbon 
 
Soil organic C can be rated in terms of availability according to Table 4.13. In general 
sub-tropical soils have lower levels of organic C than temperate soils, as decomposition 
rates are higher (Landon, 1991). 
 
Table 4.13. Soil organic carbon ratings by % in oven-dry soil weight, for tropical and 
sub-tropical soils  
 
Organic C Content, 
Walkley Black Method 
(% of soil by weight) 
Rating 
>20 Very high 
10-20 high 
4-10 medium 
2-4 low 
< 2 very low 
 Source: Landon 1991  
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 Organic C content was determined using the Walkley Black method. Organic C 
decreased over the growing season on all slopes, although the overall change on Slope III 
was minimal (Table 4.14). On all three slopes, levels of organic carbon were very low 
being < 2% of the soil by weight. Levels were highest on Slope III, followed by Slope I 
and then Slope II.  
 
Table 4.14. Mean Organic C Content (% of oven-dry soil) for the three slopes at the 
beginning and end of the 1998 season (n = 10) 
 
Slope I Slope II Slope III 
Start End Start End Start End 
Mean 1.50 1.22 1.06 0.81 1.75 1.71 
Max. 1.71 1.61 1.28 1.01 2.33 2.12 
min 1.04 0.81 0.81 0.55 1.29 1.21 
 
 
Data were analysed for treatment differences at the beginning and end of season and for 
seasonal change, using one way ANOVA or Kruskal Wallis tests. No significant 
treatment effects were found in 1998. On Slope I, organic C content decreased over the 
season for all treatments. The decrease on the bare plot was small, considering the 
amount of soil lost over the season. At the end of season, the CC+SM plots had a similar 
organic C content to the CC plots (Figure 4.15a). On Slope II, organic C levels were 
lower than the other two slopes in 1998. In general plots decreased in organic C content 
over the season (Figure 4.15b). On Slope III, organic C levels were higher than the other 
two slopes with a mean of 1.7%. The situation on Slope III was more complex in terms of 
seasonal change than the other two slopes, with increases and decreases over the cropping 
season (Figure 4.15c). There was, however, a mean increase in organic C for D and a 
decrease for CC+SM. At the end of the 1998 season, on Slope III, an affect in terms of 
organic C in relation to plot position was noted. At one side of Slope III, the plots are 
overhung by Eucalyptus trees. Figure 4.16 shows organic C content is generally higher 
the closer plots are to the trees, which may have interfered with treatment effects. 
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Figure 4.15a. Mean organic C (± standard error of the mean, n = 3) at the beginning and end of the 
1998 cropping season on Slope I 
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Figure 4.15b. Mean organic C (± standard error of the mean, n = 3) at the beginning and end of the 
1998 cropping season on Slope II 
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Figure 4.15c. Mean organic C (± standard error of the mean, n = 3) at the beginning and end of the 
1998 cropping season on Slope III 
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Figure 4.16. Soil organic C content on the individual plots at the end of the 1998 
cropping season on Slope III, in relation to the position of the trees 
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In 1998, a single sample of the manure was measured for organic matter content which 
was 74.19% (determined by dry ashing). At the beginning of the cropping season manure 
was added to the plots at a rate of 10.4 t ha-1 . There was, therefore, 7.73 t ha-1 of organic 
matter added to the plots during the cropping season as organic manure, although this was 
added in a very localised manner (Chapter 3, Section 3.3.1). No samples of wheat straw 
were taken in 1998, therefore, the organic matter input on the CC+SM plots could not be 
determined.  
 
Organic C levels changed very little between the end of the 1998 cropping season and the 
beginning of the 1999 cropping season. In the same way as in 1998, mean organic C 
levels on all slopes decreased during the 1999 cropping season (Table 4.15). 
 
Table 4.15. Mean organic C content (% of oven-dry soil)  for the three slopes at the 
beginning and end of the 1999 season (n = 10) 
Slope I Slope II Slope III 
Start End Start End Start End 
Mean 1.54 1.18 1.03 0.84 1.99 1.69 
Max. 1.92 1.43 1.31 1.11 2.66 2.24 
min 1.14 0.76 0.86 0.61 1.57 1.12 
 
The 1999 data on all three slopes were analysed in the same way as 1998 data. No 
significant treatment effects on organic C were found in 1999 (Figure 4.17 a,b,c). On 
Slope I, the downslope treatment had a higher organic C level than the other treatments  
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Figure 4.17a. Mean organic C (± standard error of the mean, n = 3) at the beginning and end of the 
1999 cropping season on Slope I 
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Figure 4.17b. Mean organic C (± standard error of the mean, n = 3) at the beginning and end of the 
1999 cropping season on Slope II 
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Figure 4.17c. Mean organic C (± standard error of the mean, n = 3) at the beginning and end of the 
1999 cropping season on Slope III 
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at the beginning and end of the season, as did the bare plot (Figure 4.17a). Over the 
season, all treatments declined in soil organic C. The decline on the bare plot was similar 
to the other plots, despite the much larger amount of erosion from this plot during the 
season. On Slope II,  in 1999 the lowest organic C levels were found on the bare plot 
(Figure 4.17b). In terms of treatments, organic C was slightly higher for the CC+SM 
treatment at the beginning and end of the season than for the other treatments. All 
treatments decreased in organic C over the 1999 season. On Slope III, as with Slope II, 
organic C levels were lower on the bare plot than on the treated plots at both the 
beginning and end of the 1999 season (Figure 4.17c). At the beginning of the season, 
organic C levels were slightly lower on the downslope treatment than the other two 
treatments. Over the season, all treatments decreased in organic C, with the CC+SM 
treatment experiencing a smaller decrease than the other treatments. 
 
4.5.3 Soil Total Nitrogen 
Soil total nitrogen was measured according to the standard method used in China (Shi 
Rui He, 1988; Chapter 3, Section 3.8.4). It is standard procedure in China to express total 
elemental values as percentages of oven-dry soil and values will be presented in this 
format. Totals give valuable information in terms of the effects of erosion on the soil, but 
offer little information in terms of crop growth potential of the soil. In 1998, total N was 
measured in soil samples taken at the beginning and end of the season. Measurements 
were made by the author at the beginning of the season and by postgraduate students at 
The Soil Chemistry Department of Yunnan Agricultural University at the end of the 1998 
season. Measurements were also made at the beginning of the 1999 cropping season by 
the author. Unfortunately, it was not possible for measurements to be made on the end of 
season 1999 samples. 
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Table 4.16. Mean soil total nitrogen % (± standard error of the mean, n = 3) at the 
beginning and end of the 1998 cropping season on the three slopes 
 
  Slope I Slope II Slope III 
Treatment 
 
 
 Beg. 
%  
End 
% 
% 
change 
Beg. 
%  
End 
% 
% 
change 
Beg. 
%  
End 
% 
% 
change 
D 
 
 
Mean 
S.E. 
0.13  
0.02  
0.07  
0.01 
-41.90  
1.08 
0.09 
0.01 
0.07 a 
0.00 
-32.85 
20.93 
0.14  
0.01 
0.09  
0.00 
-39.46  
1.07 
CC 
 
 
Mean 
S.E. 
0.12  
0.03  
0.08 
0.00 
-25.50  
14.73 
0.10 
0.01 
0.09 b 
0.01 
-21.85 
5.96 
0.15 
0.02 
0.09 
0.00 
-37.70 
7.83 
CC+SM 
 
 
Mean 
S.E. 
0.11 
0.02   
0.09 
0.00   
-10.71  
20.56   
0.10 
0.01 
0.10 b 
0.00 
-1.34  
6.68 
0.16 
0.02 
0.10 
0.01 
-30.7 
12.81 
Bare Mean 0.14 0.10 -28.57 0.08 0.09 12.5 0.14 0.13 -7.14 
           
 F 0.16 1.53 0.63 1.18 10.01 0.85 0.27 3.01 0.02 
 P < NS NS NS NS 0.05 NS NS NS NS 
 LSD     0.017     
 
At the beginning of the 1998 season, the bare plot on Slope I had higher total N than the 
treated plots. The downslope treatment generally had higher  total N at the beginning of 
the season than the other treatments, but no significant treatment differences were found 
when analysed by one way ANOVA (Table 4.16). During the season, all treatments on 
Slope I decreased in total N. The D treatment had a larger seasonal decrease than the 
other treatments, but not significantly. Total N on Slope II in 1998 was lower than Slope 
I. No significant treatment differences were found at the beginning of season on Slope II. 
At the end of the season, the CC+SM treatment had significantly higher total N than both 
the CC and the D treatment. During the season, all treatments decreased in total N,  with 
the CC+SM treatment showing a much smaller change than the other two treatments. 
Despite the significant treatment effect at the end of the season, no significant treatment 
differences were found for seasonal change. At the beginning of the 1998 season, Slope 
III had the highest total N level of the three slopes. No significant treatment effects were 
found on Slope III in 1998. All treatments on this slope underwent a large decline in total 
N during the 1998 cropping season, with the smallest decline being found on the bare 
plot.  
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Table 4.17. Mean soil total nitrogen % (± standard error of the mean, n = 3) at the 
beginning of the 1999 cropping season on the three slopes 
 
  Slope I Slope II Slope III 
Treatment 
 
 %  %  %  
D 
 
 
Mean 
S.E. 
0.12 
0.02 
0.08 
0.00 
0.14  
0.02 
CC 
 
 
Mean 
S.E. 
0.10  
0.01 
0.08  
0.01 
0.14   
0.01 
CC+SM 
 
 
Mean 
S.E. 
0.11   
0.01 
0.09 
0.01 
0.15   
0.02 
Bare Mean 0.14 0.05 0.11 
     
 F 0.49 0.99 0.99 
 p NS NS NS 
 
By the beginning of the 1999 cropping season, total N on Slope I had risen again to 
similar levels to those recorded at the beginning of 1998 (Table 4.17). During the winter, 
N fertiliser had been added during wheat cultivation. No significant treatment differences 
were found on any of the slopes at the beginning of the 1999 season. The significant 
treatment differences found at the end of the 1998 season had been lost by the beginning 
of the 1999 season, as total N had increased for the D treatment over this period and 
decreased for the other two treatments. The bare plot showed a marked decrease during 
the 1998-99 winter on Slope II, unlike the bare plot on Slope I. By the beginning of the 
1999 season total N on Slope III had increased, almost to the same level recorded at the 
beginning of the 1998 season. 
 
4.5.4 Soil Available Nitrogen 
 
Soil available N was measured at the beginning and end of both the 1998 and 1999 
cropping seasons. In this context the term ‘available N’ means the amount of nitrate and 
nitrite present in the soil at the time of sampling (Chapter 3, Section 3.8.5). Beginning of 
season measurements were made by the author, whilst at Yunnan Agricultural University 
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and end of season measurements by postgraduate students at Yunnan Agricultural 
University. Data are presented in ppm for oven-dry soil in accordance with Chinese 
protocol (Shi Rui He, 1988). Analysis was carried out on beginning and end of season 
data and on seasonal change on a slope-by-slope basis. 
 
In the 1998 cropping season, soil available N decreased by ~ 95% on Slopes I and II and 
by ~84% on Slope III (Table 4.18). A selection of samples were analysed at ADAS 
Laboratories, Wolverhampton, UK, in addition to the analysis carried out at Yunnan 
Agricultural University, which confirmed the decrease was correct. At the beginning of 
the 1998 season,  no significant treatment differences were found on available N on Slope 
I. At the end of the 1998 cropping season, significant treatment differences were found 
between all treatments on Slope I, with CC+SM having the highest available N followed 
by CC then D. Despite the significant effects at the end of the season, no significant 
treatment differences were found when percentage change over the season was 
considered. 
 
Table 4.18. Soil available N ppm (± standard error of the mean, n = 3) at the beginning 
and end of the 1998 cropping season 
 
  Slope I Slope II Slope III 
Treatment  Beg. 
ppm 
End 
ppm 
change 
% 
Beg. 
ppm 
End 
ppm 
change 
% 
Beg. 
ppm 
End 
ppm 
change 
% 
D 
 
 
Mean 
SE 
191.17 
37.63 
 
5.86 a 
0.49 
-96.73 
0.53 
191.32 
3.60 
 
4.19 a 
0.50 
-97.82 
0.22 
116.12 
6.99 
 
17.93 a 
0.18 
-84.43 
1.04 
CC 
 
 
Mean 
SE 
213.60 
11.24 
9.49 b 
0.73 
-95.56 
0.12 
189.86 
3.65 
7.28 b 
0.30 
-96.17 
0.08 
163.41 
55.01 
19.52 a 
0.74 
-85.63 
3.60 
CC+SM 
 
 
Mean 
SE 
210.22 
1.34 
17.6 c 
0.86 
-91.63 
0.36 
195.85 
0.71 
15.99c 
1.02 
-91.83 
0.51 
151.46 
43.41 
22.54b 
1.27 
-83.32 
3.15 
Bare Mean 236.54 20.8 -91.17 173.46 0.84 -99.51 105.93 22.91 -78.37 
           
 F 0.09• 71.84 0.18 0.40 82.41 1.80 0.37 7.52 0.34 
 p NS <0.00
1 
NS NS <0.001 NS NS <0.05 NS 
 LSD  2.45   2.33   2.96  
NB. F values are following a one way ANOVA, or where •appears are Chi 2 values for K Wallis tests. 
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At the beginning of the 1998 cropping season, available N on Slope II was similar to 
Slope I and no significant treatment differences were found. At the end of the season, the 
same pattern as Slope I was found on Slope II, with significant differences found between 
all treatments and CC+SM having the largest available N concentration. No significant 
treatment differences in terms of seasonal change in available N were found on Slope II. 
At the beginning of the 1998 cropping season, a larger amount of variability existed on 
the plots on Slope III than had been found on the other two slopes. No significant 
treatment differences were found at the start of the 1998 cropping season. The seasonal 
decrease in available N was smaller than on Slopes I and II, but was still considerable. At 
the end of season, data showed significant treatment differences between treatments D 
and CC+SM,  CC+SM and CC, but not D and CC (Table 4.18). 
 
In 1999, the situation was very different. Available N at the beginning of the 1999 
cropping season was much higher than at the end of the 1998 season. This was probably 
due to N fertiliser added to the plots for winter wheat cultivation. On all three slopes large 
increases in available N occurred over the 1999 cropping season (Table 4.19), a reverse 
of the 1998 situation. No significant treatment effects were found in 1999 for beginning 
and end of season, or seasonal change on any slope.  
 
Table 4.19. Soil available N ppm (± standard error of the mean, n = 3) at the beginning 
and end of the 1999 cropping season 
  Slope I Slope II Slope III 
Treatment  Beg. 
ppm 
End 
ppm 
change 
% 
Beg. 
ppm 
End 
ppm 
change 
% 
Beg. 
ppm 
End 
ppm 
change 
% 
D 
 
 
Mean 
SE 
136.99 
1.25 
 
210.57 
48.43 
53.13 
34.37 
 
89.89 
3.67 
157.80 
14.58 
75.15 
11.36 
154.08 
14.41 
241.27 
48.76 
54.09 
19.66 
CC 
 
 
Mean 
SE 
112.96 
14.25 
200.07 
30.62 
78.61 
21.36 
97.14 
1.70 
181.10 
11.57 
86.13 
8.81 
172.92 
5.63 
282.47 
20.91 
62.90 
7.12 
CC+SM 
 
 
Mean 
SE 
119.72 
5.89 
233.17 
24.38 
93.88 
12.26 
100.31 
5.67 
186.63 
19.26 
85.06 
9.82 
170.18 
34.14 
222.30 
64.33  
27.21 
13.76 
Bare Mean 111.35 252.70 126.94 86.75 123.30 42.13 154.81 302.90 95.66 
           
 F 1.93 0.22 0.39 1.68 0.98 0.70 0.62• 0.41 0.97 
 p NS NS NS NS NS NS NS NS NS 
NB. F values are following a one way ANOVA, or where •appears are Chi 2 values for K Wallis tests. 
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On Slope I, at the end of the 1999 season, the CC+SM treatment had, generally, higher 
available N than the other treatments. The increase in available N on the bare plot on 
Slope I was substantial, despite the fact that no N fertiliser was added to the bare plot 
during the cropping season. N fertiliser had, however, been added during the winter, 
when wheat was grown on this plot. Available N was lower on Slope II than Slopes I and 
III in 1999. At the beginning of the cropping season, available N was low compared with 
the beginning of the 1998 cropping season. The CC+SM  treatment on Slope II generally 
also had the highest available N at the end of the 1999 cropping season, followed by CC 
then D. On Slope III, the increase on the bare plot was again large, considering no N 
fertiliser inputs were made to the bare plot during the 1999 cropping season. At the end of 
the 1999 season, the CC treatment generally had, on average, the highest soil available N 
on Slope III.  
 
4.5.5 Soil Total Phosphorus 
 
Total phosphorus was measured at the beginning and end of the 1998 cropping season 
and at the beginning of the 1999 cropping season at Yunnan Agricultural University. It 
was not possible for measurements of total P to be made on the end of season soil 
samples in 1999 as laboratory space was not available. All measurements are expressed 
as a percentage of oven-dry soil. At the beginning of the 1998 cropping season Slope I 
had the highest total P, followed by Slope II and then Slope III. By the end of the 1998 
cropping season, Slope III had the highest total P and Slope II the lowest. No significant 
treatment effects on total P were found in 1998, either at the beginning or end of the 
season or for seasonal change (Table 4.20).  
 
On Slope I, at the beginning of the 1998 cropping season, all treatments had a similar 
level of total P, including the bare plot, suggesting there had been no carry over effect 
from the 1997 season. During the 1998 season, total P decreased on all plots apart from 
Plot 8 which showed a slight increase. The D treatment had the largest seasonal decrease 
on Slope I. On Slope II, all treatments showed a substantial decrease in total P during the 
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1998 season, especially the bare plot. Total P at the start of the 1998 cropping season was 
lowest on Slope III. The D treatment had slightly lower levels than the other two 
treatments. Unlike the other two slopes, all treatments showed increases in total P during 
the 1998 cropping season.  
 
Table 4.20. Mean soil total P % (± standard error of the mean, n = 3) at the beginning and 
end of the 1998 cropping season on the three slopes 
 
  Slope I Slope II Slope III 
Treatment 
 
 
 Beg. 
%  
End 
% 
% 
change 
Beg. 
%  
End 
% 
% 
change 
Beg. 
%  
End 
% 
% 
change 
D 
 
 
Mean 
S.E. 
0.26 
0.01 
0.17  
0.04  
-35.74 
17.99 
0.21 
0.01 
0.10 
0.02  
-51.55  
7.97 
0.15 
0.00 
0.20  
0.04  
35.05 
23.56  
CC 
 
 
Mean 
S.E. 
0.25 
0.00 
0.21 
0.05 
-15.49 
21.76 
0.20 
0.01 
0.09 
0.02  
-56.19 
8.56 
0.16 
0.01 
0.21  
0.03  
28.25  
10.07 
CC+SM 
 
 
Mean 
S.E. 
0.26 
0.01 
0.19 
0.01 
-28.16  
5.87 
0.20 
0.01 
0.11 
0.01  
-47.38  
3.15 
0.16 
0.01 
0.19 
0.03 
16.29 
26.98 
Bare Mean 0.25 0.22 -14.05 0.20 0.07 -62.79 0.14 0.07 -51.46 
           
 F 0.95       0.33 0.43 0.05 0.25 0.44 1.31 0.15 0.25 
 p NS NS NS NS NS NS NS NS NS 
 
 
Table 4.21. Mean soil total P % (± standard error of the mean, n = 3) at the beginning of 
the 1999 cropping season on the three slopes 
 
  Slope I Slope II Slope III 
Treatment 
 
 
 Beg. 
%  
Beg. 
%  
Beg. 
%  
D 
 
 
Mean 
S.E. 
0.28 
0.01 
0.24 
0.03 
0.20 
0.02 
CC 
 
 
Mean 
S.E. 
0.29 
0.01 
0.26 
0.04 
0.22 
0.01 
CC+SM 
 
 
Mean 
S.E. 
0.30 
0.01 
0.24 
0.02 
0.21 
0.02 
Bare Mean 0.25 0.23 0.25 
     
 F 0.08 0.07 0.11 
 p NS NS NS 
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Plots 21, 29 and 30, which are at the ends of the plot design on Slope III, had a seasonal 
decrease in total P, whilst all other plots increased, indicating that total P may have been 
more heavily influenced by plot position than treatment.  
 
There were no significant treatment differences in soil total P at the beginning of the 1999 
cropping season on any of the slopes (Table 4.21). After the 1998/99 winter, total P levels 
rose again on all plots on Slope I. This was expected, as P fertiliser was added during the 
cultivation of the winter wheat crop. At the beginning of the 1999 season total P had 
increased considerably on Slope II and was higher than at the beginning of the 1998 
season. In contrast to the other slopes, total P remained stable during the 1998/99 winter 
on Slope III, with beginning of the 1999 season levels being very similar to end of 1998. 
However, this was not true for the bare plot, which showed an increase in total P during 
the 1998/99 winter.  
 
4.5.6 Soil Available Phosphorus 
 
Measurements of available P were made at the beginning and end of both cropping 
seasons. Superphosphate fertiliser was added to the plots during maize cultivation and 
during the wheat cultivation. During both the 1998 and the 1999 cropping seasons, 
available P was higher than reported by Barton in 1994 and 1996 (Barton 2000). No 
significant effects on available P were found in 1998, either at the beginning or end of the 
season or for change over the season. 
 
Available P on Slope I was higher than on the other two slopes at both the beginning and 
end of the 1998 cropping season. During the 1998 season, plots both increased and 
decreased in available P, which resulted in mean increases for treatments D and CC and a 
decrease for CC+SM (Figure 4.18a). On Slope II, at the beginning of the 1998 season, the 
CC+SM treatment had slightly more available P than the other treatments (Figure 4.18b). 
During the 1998 season, there was a decrease in available P for all treatments on Slope II. 
The mean decrease was smallest for the CC+SM treatment. Available P on Slope III was 
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slightly higher than on Slope II in 1998. At the beginning of the 1998 season, the CC 
treatment showed the highest average available P, followed by CC+SM then D (Figure 
4.18c). The bare plot on Slope III had the lowest available P at the beginning of the 1998 
season, but maintained this level throughout the cropping season. The cultivated plots 
showed both increases and decreases in available P, with the D and CC+SM showing 
overall increases and CC a decrease. At the end of the 1998 season, the CC+SM 
treatment had higher mean available P than the other two treatments. 
 
In 1999, available P was again higher on Slope I than on the other two slopes. At the start 
of the 1999 season, levels had dropped considerably on Slope I compared with the end of 
1998. On the CC treatment and on the bare plot, available P dropped to < 20 ppm (Figure 
4.19a). This was unexpected, as P fertiliser applications were made during the 1998/99 
winter. No significant treatment effects were found on Slope I or on the other two slopes 
in 1999 for beginning, end or seasonal change data. By the end of the 1999 season, 
available P had risen for all treatments on Slope I. There was also a substantial rise on the 
bare plot, probably due to the fact that  P fertiliser inputs were made during the winter. 
The CC+SM treatment showed the highest available P at the end of the 1999 season.  
 
Levels of available P were also low on Slope II in 1999 compared to 1998. At the 
beginning of the 1999 season, all three treatments had very similar levels of available P 
(Figure 4.19b). At the end of the season, available P had increased for all treatments with 
the largest increase occurring under the CC+SM treatment. Available P on the bare plot 
on Slope II remained the same during the 1999 season. On Slope III, available P was 
similar for all treatments at the start of the 1999 season (Figure 4.19c). At the end of the 
1999 season mean available P had increased for the CC treatment and decreased for the D 
treatment on Slope III. There was very little variability for the D treatment with a 
consistent decrease on all plots. For the other two treatments, however, there was 
substantial variability. The bare plot on Slope III experienced a slight increase in soil 
available P during the 1999 season. 
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Figure 4.18a. Mean available P (ppm ± standard error of the mean, n = 3) at the beginning 
(April) and end (October) of the 1998 cropping season on Slope I 
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Figure 4.18b. Mean available P (ppm ± standard error of the mean, n = 3) at the beginning 
(April) and end (October) of the 1998 cropping season on Slope II 
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Figure 4.18c. Mean available P (ppm ± standard error of the mean, n = 3) at the beginning 
(April) and end (October) of the 1998 cropping season on Slope III 
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Figure 4.19a. Mean available P (ppm ± standard error of the mean, n = 3) at the beginning 
(April) and end (October) of the 1999 cropping season on Slope I 
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Figure 4.19b. Mean available P (ppm ± standard error of the mean, n = 3) at the beginning 
(April) and end (October) of the 1999 cropping season on Slope II 
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Figure 4.19c Mean available P (ppm ± standard error of the mean, n = 3) at the beginning 
(April) and end (October) of the 1999 cropping season on Slope III 
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4.5.7 Soil Total Potassium 
 
As with total N and P, total K measurements are expressed as percentages of oven-dry 
soil. Measurements of total K were made at the beginning and end of the 1998 cropping 
season and at the beginning of the 1999 season. It was not possible for measurements to 
be made at the end of the 1999 season. No significant treatment effects were found in 
total K at the beginning or end of the season or for seasonal change (Table 4.22).  
 
Table 4.22. Mean soil total K % (± standard error of the mean, n = 3) at the beginning 
and end of the 1998 cropping season on the three slopes 
 
  Slope I Slope II Slope III 
Treatment 
 
 
 Beg. 
%  
End 
% 
% 
change 
Beg. 
%  
End 
% 
% 
change 
Beg. 
%  
End 
% 
% 
change 
D 
 
 
Mean 
S.E. 
0.44  
0.05 
0.12 
0.01 
-71.39 
2.09 
0.36   
0.04 
0.11   
0.01 
-67.85   
5.99 
0.36 
0.04 
0.16 
0.00 
54.08  
4.63 
CC 
 
 
Mean 
S.E. 
0.39  
0.04 
0.11 
0.01 
-73.12 
1.62 
0.34   
0.03 
0.11   
0.00 
-67.83  
3.72 
0.35 
0.04 
0.18 
0.02 
47.37   
10.34 
CC+SM 
 
 
Mean 
S.E. 
0.47  
0.04 
0.12 
0.01 
-73.88 
3.73 
0.39   
0.06 
0.12   
0.01 
-66.85   
4.01 
0.36 
0.04 
0.20 
0.02 
46.02  
0.29 
Bare Mean 0.47 0.13 -71.26 0.31 0.11 -64.64 0.40 0.22 45.08 
           
 F 0.89 1.11 0.60 0.37 2.94 0.15 0.03 0.56• 0.16 
 p NS NS NS NS NS NS NS NS NS 
NB. F values are following a one way ANOVA, or where • appears are Chi 2 values for K Wallis tests. 
 
At the beginning of the 1998 cropping season, total K was high on all three slopes. By the 
end of the 1998 cropping season, total K on Slope I had declined on all plots by a mean 
of 72%. The decline was similar for all treatments. On Slope II, total K was slightly lower 
than Slope I at the beginning of the 1998 season, but was similar to Slope I at the end of 
the 1998 season. Total K levels declined during the 1998 cropping season on Slope II,  by 
a mean of 66.8%. The decline was less than on Slope II, despite the larger amount of 
erosion on Slope II during the 1998 cropping season. At the beginning of the 1998 
season, total K was similar for all treatments on Slope III, with the highest level on the 
bare plot (Table 4.22). At the end of the 1998 cropping season, levels had declined, by a 
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mean of 48%, which was less than Slopes I and II. Total K levels on Slope III at the end 
of the 1998 cropping season were higher than those found on Slopes I and II.  
 
Table 4.23. Mean soil total K % (± standard error of the mean, n = 3) at the beginning of 
the 1999 cropping season on the three slopes 
 
  Slope I Slope II Slope III 
Treatment 
 
 
 Beg. 
%  
Beg. 
%  
Beg. 
%  
D 
 
 
Mean 
S.E. 
0.10 
0.01 
0.07  
0.00 
0.12 
0.01 
CC 
 
 
Mean 
S.E. 
0.09 
0.00 
0.07  
0.00 
0.12 
 0.01 
CC+SM 
 
 
Mean 
S.E. 
0.09 
0.00 
0.08  
0.01 
0.12  
0.01 
Bare Mean 0.10 0.05 0.11 
     
 F 0.40 2.49 0.11 
 P < NS NS NS 
 
At the beginning of the 1999 cropping season, total K was highest on Slope III, followed 
by Slope II, then Slope I. No significant treatment effects were found at the beginning of 
1999 (Table 4.23). Total K on Slope I had decreased by ~20% compared to the end of the 
1998 season. On Slope II, total K had decreased by 35% on the cultivated plots and by 
54% on the uncultivated bare plot. On Slope III, at the beginning of the 1999 cropping 
season, total K levels were almost identical for all treatments, with all treatments 
experiencing a decline during the 1998/99 winter. The downslope treatment decreased by 
25%, whereas the CC+SM treatment decreased by 66%. 
 
4.5.8 Soil Available Potassium  
 
Available K was measured in the UK and is expressed as cmol kg oven dry soil-1. On all 
three slopes, available K decreased during the 1998 growing season. Available K was 
greatest on Slope I, followed by Slope II, then Slope III. On all three slopes, at both the 
beginning and end of the 1998 season, the CC+SM treatment had the highest available K 
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(Table 4.24). Barton, when analysing plot soils in 1996, also found that CC+SM had 
higher available K than the other treatments on all slopes (Barton 2000). 
 
Table 4.24. Soil available K cmol /kg (± standard error of the mean, n = 3) at the 
beginning and end of the 1998 cropping season on the three slopes 
 
  Slope I Slope II Slope III 
Treatment  Beg. 
cmol 
/kg 
oven 
dry 
soil 
End 
cmol 
/kg 
oven 
dry 
soil 
 
change 
% 
Beg. 
cmol 
/kg 
oven 
dry 
soil 
End 
cmol 
/kg 
oven 
dry 
soil 
change 
% 
Beg. 
cmol 
/kg 
oven 
dry 
soil 
End 
cmol 
/kg 
oven 
dry 
soil 
change 
% 
D 
 
 
Mean 
SE 
0.56 
0.09 
0.30 
0.06 
46.47 
2.81 
0.18 
0.03 
 
0.08 
0.01 
58.13 
2.01 
0.12 a 
0.01 
0.07 
0.01 
38.72 
2.79 
CC 
 
 
Mean 
SE 
0.47 
0.01 
0.26 
0.02 
46.66 
3.83 
0.19 
0.02 
 
0.10 
0.01 
47.34 
1.11 
 
0.14 a 
0.01 
0.08 
0.01 
46.96 
3.87 
CC+SM 
 
 
Mean 
SE 
0.60 
0.07 
0.35 
0.04 
42.11 
3.51 
0.30 
0.10 
 
0.14 
0.03 
48.91 
4.81 
0.21 b 
0.03 
0.10 
0.01 
49.35 
9.40 
Bare Mean 0.47 0.29 38.30 0.26 0.16 38.46 0.11 0.07 0.36 
           
 F 1.01 1.20 0.38 1.34 2.90 0.59 6.24 2.40 2.75 
 P  NS NS NS NS NS NS 0.05 NS NS 
 LSD       0.07   
 
 
A significant treatment effect was found on Slope III at the beginning of the 1998 
cropping season. The CC+SM plots had significantly higher available K than either D or 
CC. This was probably due to effects carried over from the 1997 cropping season when 
the same treatments were used by Zhao (1998). By the end of the highly erosive 1998 
season, these treatment differences no longer existed. On all slopes, the uncultivated bare 
plots had the smallest decrease in available K over the season, compared with the 
cultivated plots.  
 
Available K measurements were also made at the beginning and end of the 1999 cropping 
season. No significant treatment differences were found at the beginning of the season on 
any slope, which was expected as all plots were treated identically during winter. At the 
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end of the season, there was a highly significant treatment effect on Slope III. The 
CC+SM treatment had a significantly higher level of available K than the CC or the D 
treatments (Table 4.25). This effect was not evident in 1998, when very different weather 
conditions were experienced. However, given the result on Slope III at the start of the 
1998 season, the same effect may also have occurred during the 1997 season. Over the 
1999 season, all treatments on all slopes decreased in available K. One was the CC+SM 
treatment on Slope III, which significantly increased in available K over the season 
(Table 4.25). 
 
Table 4.25. Soil available K cmol /kg (± standard error of the mean, n = 3) at the 
beginning and end of the 1999 cropping season on the three slopes 
 
  Slope I Slope II Slope III 
Treatment  Beg. 
cmol 
/kg 
oven 
dry 
soil 
End 
cmol 
/kg 
oven 
dry 
soil 
 
change 
% 
Beg. 
cmol 
/kg 
oven 
dry 
soil 
End 
cmol 
/kg 
oven 
dry 
soil 
change 
% 
Beg. 
cmol 
/kg 
oven 
dry 
soil 
End 
cmol 
/kg 
oven 
dry 
soil 
change 
% 
D 
 
 
Mean 
SE 
0.45 
0.06 
0.30 
0.04 
-33.71 
1.35 
0.18 
0.01 
0.10 
0.01 
-44.39 
2.04 
0.14 
0.01 
0.10 a 
0.01 
-30.75 a 
10.14 
CC 
 
 
Mean 
SE 
0.37 
0.02 
0.22 
0.01 
-40.25 
1.12 
0.20 
0.00 
0.11 
0.01 
-44.72 
5.26 
0.15 
0.01 
0.10 a 
0.00  
-33.50 a 
5.19 
CC+SM 
 
 
Mean 
SE 
0.40 
0.04 
0.32 
0.06 
-21.42 
11.51 
0.23 
0.03 
0.16 
0.03 
-32.43 
3.97 
0.18 
0.02 
0.22 b 
0.01 
30.46 b 
12.02 
Bare Mean 0.38 0.29 -23.54 0.30 0.22 -28.06 0.14 0.10 -32.12 
           
 F 0.82 1.23 2.37 1.36 2.56 0.37 1.30 166.45 12.25 
 p NS NS  NS NS  NS <0.001 <0.01 
 LSD        0.02 0.055♦ 
NB ♦ LSD refers to transformed data 
 
Before seasonal change data were analysed on Slope III, data were transformed to 
eliminate negative values. Analysis found significant differences between CC+SM and 
the other two  treatments.  
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4.5.9 Soil Available Calcium 
Following the same pattern as available K in 1998, Slope I had the highest available Ca, 
followed by Slope II and then Slope III (Figure 4.20a-c). This agrees with Barton (2000), 
who analysed plot samples taken in October 1996. However, available Ca had declined 
considerably on all plots since 1996, when maximums were 20.4, 16.1 and 9.8 cmol Ca 
kg-1 oven-dry soil on Slopes I, II and III, respectively, as opposed to 8.12, 6.6 and 3.2 at 
the beginning of 1998. Figures 4.20a, b, c show available Ca on the three slopes at the 
beginning and end of the 1998 cropping season. On Slope I, all plots declined in available 
Ca over the 1998 season, apart from the bare plot, which slightly increased. On Slope II, 
all treatments increased apart from CC+SM and on Slope III all treatments decreased, 
apart from D. When data were analysed, homogeneity of variance was violated in all 
cases, apart from Slope III at the beginning of the 1998 season. A suitable transformation 
for the data sets could not be found. Therefore, data for beginning and end of season were 
analysed by Kruskal-Wallis tests (apart from Slope III at the beginning of the 1998 
season). Data for seasonal change were analysed by ANOVA. No significant treatment 
effects were found at the beginning or end of the 1998 season or for seasonal change. 
 
In 1999, soil available Ca was generally lower on all slopes than in 1998, with the most 
marked reduction on Slope I. Maximum values were 5.6, 4.6 and 3.8 on Slopes I, II and 
III, respectively, at the beginning of the 1999 cropping season. Figures 4.21a,b,c show 
available Ca levels at the beginning and end of the cropping seasons on the three slopes. 
On Slope I, there was little change in available Ca over the 1999 cropping season. On 
Slope II, there was a small increase over the 1999 season for all treatments, apart from 
CC+SM. Increases were also found on Slope III for all treatments, including CC+SM. Ca 
availability is dependent on the presence of other ions in the soil, including potassium. It 
was evident that there was, generally, a decrease in available K over the 1999 cropping 
season (Section 4.5.8). This may have created an opportunity for Ca to move from an 
unavailable to an available pool. For the beginning of season data, it was necessary to 
carry out a Kruskal-Wallis test for all three slopes. No significant treatment effects were 
found on any of the slopes at the beginning or end of the season or for seasonal change. 
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Figure. 4.20a. Mean available Ca (cmol kg-1 oven dry soil) on Slope I at the beginning (April) 
and end (October) of the 1998 cropping season. Error bars represent SE of the mean  (n = 3, 
except for bare where n = 1) 
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Figure. 4.20b. Mean available Ca (cmol kg-1 oven dry soil) on Slope II at the beginning (April) 
and end (October) of the 1998 cropping season. Error bars represent SE of the mean  (n = 3 
except for bare where n = 1)  
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Figure. 4.20c. Mean available Ca (cmol kg-1 oven dry soil) on Slope III at the beginning 
(April) and end (October) of the 1998 cropping season. Error bars represent SE of the mean  (n 
= 3 except for bare where n = 1) 
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 χ 2
April 0.80 
October 0.62 
Seasonal 
change 
0.35 
 
 
χ 2 
April 0.83 
October 0.62 
Seasonal 
change 
0.14 
 
χ 2 
April 0.55• 
October 3.29 
Seasonal 
change 
0.17 
NB •indicates F value following 
an ANOVA
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Figure. 4.21a. Mean available Ca (cmol kg-1 oven dry soil) on Slope I at the beginning (April) 
and end (October) of the 1999 cropping season. Error bars represent SE of the mean  (n = 3 
except for bare where n = 1) 
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Figure. 4.21b. Mean available Ca (cmol kg-1 oven dry soil) on Slope II at the beginning (April) 
and end (October) of the 1999 cropping season. Error bars represent SE of the mean  (n = 3 
except for bare where n = 1) 
0
1
2
3
4
5
6
7
8
d cc cc+sm Bare
Treatment
C
a 
(c
m
ol
 k
g-
1 )
Stripes = April
Solid = October
 
 
Figure. 4.21c. Mean available Ca (cmol kg-1 oven dry soil) on Slope III at the beginning 
(April) and end (October) of the 1999 cropping season. Error bars represent SE of the mean  (n 
= 3 except for bare where n = 1). 
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 χ 2
April 0.33• 
October 1.16 
Seasonal 
change 
0.11 
NB • indicates F value 
following an ANOVA 
 χ 2
April 0.02• 
October 0.27 
Seasonal 
change 
1.41 
NB •indicates F value following an 
ANOVA 
 χ 2
April 0.02• 
October 0.24 
Seasonal 
change 
0.13 
NB • indicates F value 
following an ANOVA 
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4.5.10 Soil Available Magnesium 
 
Soil available Mg was measured at the same time as K and Ca. Mg is particularly 
important for maize growth and tropical maize often suffers from Mg deficiency 
(Kayode, 1985). In 1998, Mg levels were <1 cmol Mg kg-1 oven-dry soil on all slopes, 
with the highest levels on Slope I, followed by Slopes II, then III. There had been an 
overall decline since 1996, when Barton found mean soil available Mg levels to be >1 
cmol Mg kg-1  oven-dry soil on Slope I and ~ 1 on Slope II (Barton 2000). On Slopes I 
and II, there was an increase in available Mg over the 1998 cropping season with all 
treatments. On Slope III there was a decrease with the CC+SM treatment and the bare 
plot (Figures 4.22 a, b, c). On Slope III, available Mg for the bare plot was lower than the 
cultivated plots, unlike Slopes I and II, where levels were the same or higher. No 
significant treatment effects were found at the beginning or end of the season or for 
seasonal change in 1998. 
 
In 1999, available Mg was lower than at the end of 1998, especially on Slope III. In 
contrast to 1998, there was a decrease over the cropping season for all treatments on 
Slopes I and II and on Slope III an increase (Figures 4.23a, b, c). Available Mg was again 
low on Slope III, compared with Slopes I and II. No significant treatment effects were 
found at the beginning and end of the cropping season or for seasonal change. 
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Figure. 4.22a. Mean available Mg (cmol kg-1 oven dry soil) on Slope I at the beginning (April) 
and end (October) of the 1998 cropping season. Error bars represent SE of the mean  (n = 3, 
except for bare where n = 1) 
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Figure. 4.22b. Mean available Mg (cmol kg-1 oven dry soil) on Slope II at the beginning 
(April) and end (October) of the 1998 cropping season. Error bars represent SE of the mean  (n 
= 3, except for bare where n = 1)  
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Figure. 4.22c. Mean available Mg (cmol kg-1 oven dry soil) on Slope III at the beginning 
(April) and end (October) of the 1998 cropping season. Error bars represent SE of the mean  (n 
= 3, except for bare where n = 1) 
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Figure. 4.23a. Mean available Mg (cmol kg-1 oven dry soil) on Slope I at the beginning (April) 
and end (October) of the 1999 cropping season. Error bars represent SE of the mean  (n = 3, 
except for bare where n = 1) 
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Figure. 4.23b. Mean available Mg (cmol kg-1 oven dry soil) on Slope II at the beginning 
(April) and end (October) of the 1999 cropping season. Error bars represent SE of the mean  (n 
= 3, except for bare where n = 1)  
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Figure. 4.23c. Mean available Mg (cmol kg-1 oven dry soil)  on Slope III at the beginning 
(April) and end (October) of the 1999 cropping season. Error bars represent SE of the mean  (n 
= 3, except for bare where n = 1) 
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change 
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NB • indicates χ2 value following a 
Kruskal Wallis test 
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change 
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change 
0.32 
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4.6 Elemental Analysis of Sediment Samples by X-ray Fluorescence 
Spectrophotometry 
 
 
In each year, sediment samples from two runoff events were chosen for elemental 
analysis by X-Ray Fluorescence Spectrophotometry (XRF). The aim of this analysis was 
to determine per unit differences in nutrient content of the sediment yielded from 
different treatments and thus give an indication of the amount of that nutrient in the 
system *. The first event chosen was 27/07/98. On this occasion, runoff occurred from all 
plots on Slopes I and II and enough fine sediment sample was generated for analysis. 
XRF produces a percentage content for any element analysed, but does not discriminate 
between different species of the same element. The results were subject to separate one 
way ANOVAs for each of the slopes. On Slope I, Zinc was the only element for which a 
significant treatment difference was found (Table 4.26). An LSD test found that sediment 
yielded from the CC+SM treated plots contained significantly more Zn per unit of 
sediment than the other two treatments. 
 
Table 4.26. One way ANOVA and LSD on percentage elemental content of fine sediment 
samples taken on 27/07/98 on Slope I  
 
Element F value p 
Ca 4.19 NS 
K 1.63 NS 
Mg 0.72 NS 
Mn 0.25 NS 
P 0.45 NS 
Zn 7.54 <0.05 
 
Treatment Mean Zn content % LSD 
D 0.019 a 
CC 0.018 a 
CC+SM 0.043 b 
0.016 
 
Unfortunately, on Slope II, concentrations of Zn were below the detection limit. The 
effects found on Slope I could not, therefore, be verified on Slope II. On Slope II, % K in 
sediment samples showed a significant treatment effect, as the CC+SM treatment had a 
higher K content than the other two treatments (Table 4.27). 
*The purpose of this analysis was not to create a nutrient  budget, as nutrient losses from other sources such as runoff water were not 
measured. In both years, the analysis was restricted to Slopes I and II, as Slope III failed to produce runoff from all plots 
simultaneously on any one occasion.  
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Table 4.27 One way ANOVA on percentage elemental content of fine sediment samples 
taken on 27/07/98 on Slope II 
 
Element F value p 
Ca 2.44 NS 
K 7.20• <0.05 
Mg 0.39 NS 
Mn 0.82 NS 
P 0.94 NS 
Zn BDL - 
•denotes χ2 value following a Kruskal Wallis test 
 
Treatment Mean K content % 
D 0.170 
CC 0.195 
CC+SM 0.250 
BDL = Below Detection Limit 
The second event chosen was 18/07/98. Again, this was an occasion where runoff and 
sediment were generated from all plots. On this occasion, there were no significant 
treatment effects on per unit elemental content of the sediment samples on Slope I (Table 
4.28). Zinc again proved to be below the lower detection limit.  
 
Table 4.28. One way ANOVAs on percentage elemental content of fine sediment samples 
taken on 18/07/98 on Slope I 
 
Element F value p 
Ca 5.40• NS 
K 1.24 NS 
Mg 0.16 NS 
Mn 0.51 NS 
P 0.78 NS 
Zn BDL - 
•denotes χ2 value following a Kruskal Wallis test 
 
On Slope II, the situation was different and significant treatment effects were found on 
two elements (Table 4.29). For both Ca and K, the CC+SM treatment produced sediment 
with a higher % content than the other two treatments. LSD tests found that there was no 
significant difference between the D and CC treatments for either element, but that there 
were significant differences between CC+SM and the other two treatments (Table 4.29).   
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Table 4.29. One way ANOVA and LSD on percentage elemental content of fine sediment 
samples taken on 18/07/98 on Slope II 
Element F value P 
Ca 7.29 <0.05 
K 7.95 <0.05 
Mg 0.45 NS 
Mn 0.45 NS 
P 2.08 NS 
Zn BDL - 
 
Treatment Mean K content % LSD Mean Ca content % LSD 
D 0.191 a 0.329 a 
CC 0.232 a 0.386 a 
CC+SM 0.307 b 
0.058 
0.650 b 
0.222 
 
 
In summary during 1998, sediment yielded from the CC+SM treatment had higher Zn 
content on Slope I on  27/07/98, but for all other occasions Zn was out of detection range. 
The CC+SM treatment yielded sediment with a higher K content than the other 
treatments on both 27/07/98 and 18/07/98 on Slope II and on 18/07/98 the CC+SM 
treatment also produced a significantly higher % Ca content on Slope II. 
 
In 1999, two runoff events were chosen for the analysis of fine sediment, again both in 
July, as this was when the largest runoff events occurred. As with 1998, analysis was 
confined to Slopes I and II. The first event analysed was on 16/07/99. For all samples 
analysed from this event, K proved to be out of detection range. It was, therefore, not 
possible to confirm the 1998 K results. However, Zn was within detection range for the 
1999 samples. On Slope I, on 16/07/99, no significant treatment effects were found for 
any element (Table 4.30). 
 
Table 4.30. One way ANOVA on percentage elemental content of fine sediment samples 
taken on 16/07/99 on Slope I 
Element F value P 
Ca 2.19 NS 
K BDL NS 
Mg 0.97 NS 
Mn 0.01 NS 
P 0.78 NS 
Zn 2.93 NS 
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On Slope II, on 16/07/99 a significant treatment effect was found for Ca, but not for any 
other element (Table 4.31). An LSD test showed the CC+SM treatment had significantly 
higher Ca than D, but not CC. It did, however, follow the same pattern as the significant 
Ca result in 1998, with CC+SM  showing the highest Ca followed by CC then D. 
 
Table 4.31. One way ANOVA and LSD on percentage elemental content of fine sediment 
samples taken on 16/07/99 on Slope II 
Element F value p 
Ca 5.29 <0.05 
K BDL NS 
Mg 1.80 NS 
Mn 0.20 NS 
P 1.12 NS 
Zn 2.34 NS 
 
Treatment Mean Ca content % LSD 
D 0.400 a 
CC 0.600 ab 
CC+SM 0.750 b 
0.272 
 
The other date chosen was 09/07/99. For Slope I, the K results were within the detection 
range. For Slope II, however, K levels were not within range. Sediment samples yielded 
on Slope I on 09/07/99 showed significant treatment effects for Mg and Zn (Table 4.32). 
For both of these elements, the CC+SM treatment yielded sediment containing higher 
levels than the other two treatments. For Mg and Zn, significant differences were found 
between CC+SM and the other two treatments, but not between D and CC. 
 
Table 4.32. One way ANOVA and LSD on percentage elemental content of fine sediment 
samples taken on 09/07/99 on Slope I 
Element F value P < 
Ca 5.40• NS 
K 1.86• NS 
Mg 9.40 <0.05 
Mn 1.48 NS 
P 3.10 NS 
Zn 8.96 <0.05 
• denotes χ2 value following a Kruskal Wallis test 
 
Treatment Mean Mg content % LSD Mean Zn content % LSD 
D 0.205 a 0.027 a 
CC 0.181 a 0.031 a 
CC+SM 0.253 b 
0.044 
0.048 b 
0.013 
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On Slope II, on 09/07/99, highly significant treatment effects were found for two of the 
elements considered, Ca and P (Table 4.33). For both elements, as with all other 
treatment effects noted for sediment samples, the CC+SM treatments produced higher % 
contents than the other two treatments. For Ca, the per unit % content of sediment yielded 
from the CC+SM treatment was over twice that produced by the D treatment. An LSD 
test found significant differences between all of the treatments for Ca content. For P, CC 
was significantly different from the other two treatments, but there was no significant 
difference between D and CC+SM.  
 
Table 4.33. One way ANOVA and LSD on percentage elemental content of fine sediment 
samples taken on 09/07/99 on Slope II. 
Element F value P < 
Ca 33.03 <0.01 
K BDL -  
Mg 0.31 NS 
Mn 0.05 NS 
P 11.98 <0.01 
Zn Chi sq. = 0.84 NS 
  
Treatment Mean Ca content % LSD Mean P content % LSD 
D 0.486 a 0.079 a 
CC 0.729 b 0.074 b  
CC+SM 1.208 c 
0.222 
0.084 a 
0.005 
 
In this section, no attempt has been made to multiply percentage nutrient losses in fine 
sediments by the amount of sediment lost. This decision was made, as the output from 
XRF is in the form of oxides which have to be transformed back to the elemental form. 
This, in addition to the small sample size taken would have resulted in a substantial 
amount of error in any extrapolation of data to total nutrient losses from sediment. 
Analysis was carried out on the elemental content of coarse sediment samples, however 
as few plots yielded coarse sediment samples, these data are not presented. In addition, no 
account has been taken in this study of the amounts of nutrient loss in runoff water, 
making quantification of total nutrient loss from the plots unfeasible.  
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4.7 Crop Growth 
4.7.1 Description of Crop Growth 
A summary of crop growth during both the 1998 and 1999 maize seasons is given in 
Table 4.34. Events are shown both in terms of date and days after sowing. Generally, 
both years followed the same pattern, with no more than two days difference between 
them. Harvesting occurred later in 1998, due to a Chinese national holiday, rather than 
any difference in plant maturity. 
 
Table 4.34. Growth stages/events during the 1998 and 1999 maize growing seasons  
 
Growth stage/event  Date 1998 DAS Date 1999 DAS 
First signs of germination 26/5 6 28/5 6 
Seedlings transplanted 4/6 15 4/6 13 
Seedlings thinned to 3 per pit 12/6 23 14/6 23 
Seedlings thinned to 2 per pit 22/6 33 22/6 31 
Tasseling 2/8 75 5/8 76 
Ear emergence 2/8 75 5/8 76 
Cobs matured (harvest) 7/10 141 2/10 134 
 
 
In 1999, more detailed observations of seedling emergence were made, to determine if 
treatments effected emergence rate. In 1999, germination rates appeared to be very poor 
(20%, 11 days after sowing). Number of newly emerged seedlings were counted on two 
occasions before seedlings had to be transplanted (Table 4.35). On Slopes I and II there 
was a tendency for seedlings on the CC+SM treatments  to emerge later than the other 
two treatments (Table 4.35), however this difference was not significant. By 02/06/99 this 
difference was lost and the CC+SM treatment showed a similar level of emergence to the 
other treatments. On Slope III, the CC+SM treatment appeared to have a faster 
emergence rate than the other two treatments, although the difference was not significant. 
By 02/06/99, the downslope treatment had the highest emergence level, but again the 
difference was not significant.  
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Table 4.35. Mean number of maize seedlings (n = 3) which had emerged on two 
occasions at the beginning of the 1999 cropping season, showing results of ANOVA 
 
Treatment 31/05/99 
Mean no. of 
seedlings/plot  
± S.E. 
02/06/99 
Mean no. of 
seedlings/plot  
± S.E. 
31/05/99 
F 
 
p 
2/06/99 
F 
                   
p 
Slope I 
 
 
D 36 ± 3  80 ± 12 
CC 40 ± 7 85 ± 8 
CC+SM 21 ± 4 81 ± 9 
4.38  NS 
(=0.07) 
0.09             NS 
Slope II  
D 42 ± 20 83 ± 24 
CC 47 ± 0 90 ± 3 
CC+SM 29 ± 2 95 ± 10 
 2.78•         NS 0.15              NS 
Slope III  
D 8 ± 3 29 ± 4 
CC 8 ± 3 19 ± 5 
CC+SM 13 ± 6 19 ± 2 
0.48            NS 2.07              NS 
• denotes χ2 value following a Kruskal Wallis test 
 
4.7.2 Plant Height 
In both years, plant height measurements were taken every two weeks, although in 1998 
plant height was only measured on five occasions, whereas in 1999 it was measured on 
seven. In 1998, plant height was measured at the tip of the youngest leaf. Plant height was 
greatest on Slope I, followed by Slope II, then Slope III in 1998 (Table 4.36).  
 
There appeared to be little difference between treatments on all slopes. This was 
confirmed by analysis by repeated measures ANOVA. Three separate analyses were 
conducted, one for each slope, with plant height as the dependent factor, treatment as the 
independent factor and time as a repeating factor. On all slopes, time gave a highly 
significant result, as the plants increased in height over time. There were no significant 
treatment effects on any of the slopes in 1998. There were also no significant treatment x 
time interactions, showing that the lack of treatment effects were consistent throughout 
the growing season. 
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Table 4.36. Mean plant height (cm) during the 1998 cropping season on the three slopes 
and the outcome of three repeated measures ANOVA 
 
Plant Height (cm) 
Treatment  50 DAS 64 DAS 78 DAS 106 DAS 120 DAS F p 
Slope I         
D Mean 83.97 117.95 194.03 212.41 215.17   
 S.E. 4.53 11.92 7.26 1.42 2.82   
CC Mean 81.33 121.89 193.25 212.27 213.29   
 S.E. 4.03 7.13 3.07 2.56 2.22   
CC+SM Mean 83.33 129.70 191.71 210.39 209.59   
 S.E. 3.40 3.63 3.00 3.24 10.63 0.01 NS 
Slope II         
D Mean 63.48 96.80 152.49 182.44 183.88   
 S.E. 4.96 6.76 12.62 7.01 5.47   
CC Mean 65.81 102.54 159.88 188.98 193.26   
 S.E. 2.45 5.19 4.70 6.89 4.22   
CC+SM Mean 57.70 91.69 151.33 188.52 187.76   
 S.E. 5.58 11.25 9.21 4.41 5.86 0.35 NS 
Slope III         
D Mean 86.61 118.46 178.78 200.07 198.80   
 S.E. 3.62 6.23 2.72 5.05 2.74   
CC Mean 91.35 117.43 182.42 200.79 203.09   
 S.E. 3.34 2.21 0.90 0.44 1.14   
CC+SM Mean 81.39 114.63 172.42 198.50 195.75   
 S.E. 5.10 1.99 1.06 5.13 4.96 1.10 NS 
 
In 1999, plant height was measured by running the hand up the plant and measuring 
height at the tip of the longest leaf (Chapter 3, Section 3.10). On Slope I, all treatments 
showed similar plant heights and a repeated measures ANOVA carried out in the same 
way as in 1998 found no significant treatment effects and no significant time x treatment 
interaction (F = 1.6) (Table 4.37).  On Slope II, however, the CC+SM treatment tended to 
produce taller plants than the other two treatments for the entire growing season. A 
repeated measures ANOVA on Slope II showed there to be a significant treatment effect 
and no significant treatment x time interaction (F = 2.2). One way ANOVAs were 
performed on individual dates to determine where significant differences lay. Significant 
treatment effects were found on 05/08/99 and 02/09/99 (Table 4.37). On all other dates, 
treatment differences were not significant. On Slope III, no significant treatment effects 
were found when a repeated measures ANOVA was performed and there were no 
significant treatment x time interactions. 
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Table 4.37. Mean plant height (cm) during the 1999 cropping season on the three slopes 
and the outcome of three repeated measures ANOVA 
 
Plant Height (cm) 
Treatment  34 DAS 47 DAS 62 DAS 79 DAS 89 DAS 104 DAS 118 DAS 
Slope I         
D Mean 57.45 97.17 148.22 197.01 213.41 213.15 211.60 
 S.E. 2.97 4.32 6.68 7.36 4.41 5.09 3.90 
CC Mean 49.40 90.45 141.87 194.43 215.60 210.76 222.96 
 S.E. 14.94 27.05 41.78 56.46 62.45 61.85 64.74 
CC+SM Mean 54.28 100.55 156.13 200.33 221.51 223.50 227.21 
 S.E. 2.69 8.19 7.30 4.91 3.22 3.52 3.78 
Slope II         
D Mean 44.40 73.00 112.14 155.55a 186.55 178.26a 188.50 
 S.E. 1.57 4.75 5.71 5.10 5.68 2.14 4.70 
CC Mean 49.47 76.13 117.54 163.94ab 197.25 197.69b 199.11 
 S.E. 0.70 1.10 7.08 12.91 12.31 9.26 17.76 
CC+SM Mean 49.49 84.34 128.48 180.12b 205.66 207.96b 212.85 
 S.E. 5.76 3.02 8.37 17.20 16.18 14.86 20.45 
Slope III         
D Mean 68.39 121.37 163.97 201.01 214.11 213.63 212.44 
 S.E. 11.23 22.39 27.68 27.02 13.42 20.58 25.81 
CC Mean 69.84 125.68 173.71 202.24 227.02 223.36 223.90 
 S.E. 8.51 7.06 8.18 25.78 9.87 9.28 14.08 
CC+SM Mean 64.51 117.97 166.49 196.33 212.26 219.23 218.78 
 S.E. 10.19 8.64 9.29 10.51 7.44 8.38 8.95 
NB Different letters reading down the column indicate significant differences at P < 0.05 for one way 
ANOVAs on that date on that slope only. Slope II, 79 DAS LSD = 17.58, 104 DAS LSD = 12.42. 
 
Slope F value following repeated 
measures ANOVA 
p 
I 0.53 NS 
II 9.2 <0.05 
III 0.09 NS 
 
 
4.7.3 Stem Girth 
In addition to measurements of plant height, stem girth was measured between the second 
and third nodes on the stem. Differences in stem girth give an indication of treatment 
effects on plant morphology. The first measurements were made 50 days after sowing in 
1998 and 47 days after sowing in 1999, when the second and third nodes were distinct. 
Data were analysed by repeated measures ANOVA in the same way as plant height. In 
1998 on Slope I, no significant treatment effects were found and there was no significant 
time x treatment interaction (F = 0.33) (Table 4.38). All treatments increased in stem 
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girth, followed by a gradual decline. This decline coresponds with the period leading up 
to harvest, when the plants were drying out. On Slope II, there were also no significant 
treatment effects. The repeated measures ANOVA found a significant treatment x time 
interaction (F = 2.45, P < 0.05). However, when separate ANOVA for individual dates 
were performed on Slope II data, no significant treatment effects were found. On Slope 
III there were no significant treatment effects and no significant treatment x time 
interactions (F = 0.95).  
 
Table 4.38 Mean stem girth (cm) during the 1998 cropping season on the three slopes and 
the outcome of three repeated measures ANOVA 
 
Stem Girth (cm) 
Treatment  50 DAS 64 DAS 78 DAS 92 DAS 106 DAS 120 DAS F P 
Slope I          
D Mean 6.92 7.97 7.94 8.03 7.26 7.23  
 S.E. 0.28 0.20 0.33 0.38 0.28 0.17   
CC Mean 7.06 8.07 8.07 7.73 7.16 6.98   
 S.E. 0.23 0.27 0.27 0.07 0.17 0.21   
CC+SM Mean 6.98 8.14 7.89 7.81 7.38 7.10   
 S.E. 0.11 0.13 0.04 0.12 0.06 0.14 0.21 NS 
Slope II          
D Mean 6.32 6.68 6.89 6.90 6.74 6.53   
 S.E. 0.59 0.54 0.41 0.41 0.23 0.25   
CC Mean 5.51 7.18 7.05 7.13 6.99 6.83   
 S.E. 0.20 0.10 0.09 0.20 0.17 0.15   
CC+SM Mean 4.95 7.21 6.76 6.70 6.68 6.47   
 S.E. 0.65 0.52 0.39 0.21 0.14 0.07 0.32 NS 
Slope III          
D Mean 5.61 6.23 6.37 6.01 5.91 5.56   
 S.E. 0.09 0.20 0.08 0.12 0.07 0.07   
CC Mean 5.50 6.12 6.14 5.59 5.66 5.59   
 S.E. 0.17 0.09 0.13 0.24 0.15 0.12   
CC+SM Mean 5.27 6.34 6.12 5.86 5.73 5.72   
 S.E. 0.07 0.30 0.06 0.19 0.13 0.16 0.08 NS 
 
 
In 1999, stem girth was greater on Slope I than on Slopes II and III, as was the case in 
1998 (Table 4.39). In 1999 on Slope I, there were no significant treatment effects or a 
significant treatment x time interaction (F = 1.23). The CC+SM treatment produced the 
maximum stem girth. On Slope II, the CC+SM treatment also produced the maximum 
stem girth, although there were no significant treatment effects or a treatment x time 
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interaction (F = 2.95). On Slope III, again there were no significant results  (treatment x 
time interaction, F = 1.44) and the maximum stem girth was achieved by the CC 
treatment (Table 4.39). 
 
Table 4.39. Mean stem girth (cm) during the 1999 cropping season on the three slopes 
and the outcome of three repeated measures ANOVA 
 
Stem Girth cm 
Treatment  47 DAS 62 DAS 79 DAS 89 DAS 104 DAS 118 DAS F P 
Slope I          
D Mean 6.12 7.98 8.07 8.06 7.98 6.97   
 S.E. 0.25 0.23 0.12 0.03 0.15 0.10   
CC Mean 5.68 7.53 7.97 7.87 7.85 7.13   
 S.E. 0.26 0.16 0.10 0.12 0.12 0.03   
CC+SM Mean 6.32 8.16 8.35 8.33 8.47 7.90   
 S.E. 0.51 0.32 0.19 0.34 0.26 0.18 3.10 NS 
Slope II          
D Mean 4.48 6.34 7.08 7.20 7.13 6.63   
 S.E. 0.14 0.31 0.35 0.26 0.23 0.23   
CC Mean 5.00 6.45 7.20 7.24 7.31 6.64   
 S.E. 0.07 0.13 0.18 0.18 0.24 0.13   
CC+SM Mean 5.44 7.03 8.01 7.43 7.69 7.16   
 S.E. 0.18 0.16 0.16 0.24 0.31 0.20 3.11 NS 
Slope III          
D Mean 5.61 6.17 6.35 6.29 6.37 5.68   
 S.E. 0.39 0.40 0.62 0.46 0.49 0.52   
CC Mean 5.55 6.39 6.23 6.36 6.54 5.81   
 S.E. 0.20 0.16 0.05 0.07 0.19 0.16   
CC+SM Mean 5.46 6.20 6.36 6.49 6.48 6.08   
 S.E. 0.09 0.05 0.12 0.16 0.07 0.19 0.03 NS 
 
4.7.4 Green Leaf Area 
Green leaf area (GLA) was measured eight times during both cropping seasons. In 1998, 
maximum green leaf area GLA was greatest on Slope I and least on Slope III. Maximum 
GLA was reached at different times for different treatments. On Slope I, in 1998, the 
maximum GLA was 6078 cm2, reached by the D treatment 92 DAS. The CC treatment on 
this slope reached maximum GLA 78 DAS, but was less than treatment D. On Slope II, 
maximum GLA was 5019 cm2 and was reached by the CC treatment 106 DAS. All 
treatments on Slope III reached maximum GLA 106 DAS, with a maximum of 4468 cm2 
for the D treatment. Maximum GLA was reached later in 1999 than in 1998 and values 
were lower. In 1999, the CC+SM treatment produced the maximum GLA on Slopes I and 
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II  with values of 4239 and 3660 respectively. Slope III produced a higher maximum 
GLA than Slope II in 1999, with a maximum of 3686 cm  reached 104 DAS by the CC 
treatment. On Slope III, the maximum GLA for the CC+SM treatment was measured 132 
DAS (two days before harvest), therefore it was not known if the maximum had actually 
been reached before harvest. A statistical investigation of treatment effects was carried 
out on Green Leaf Area Index (GLAI) and data are presented below. 
 
4.7.5 Green Leaf Area Index 
Green leaf area index was calculated by dividing green leaf area (cm2) by the size of the 
plot (cm2). The two seasons gave contrasting results in terms of treatment effects. Leaf 
area index data were analysed by repeated measures ANOVA, where treatment was the 
independent variable and time the repeating factor. In 1998, no significant treatment 
effects were found on GLAI on any slope. On Slope I, plants in the downslope plots 
appeared to have a greater GLAI than the other treatments from 20/08/98 onwards 
however, this difference was not significant (Figure 4.24a). On Slopes II and III, all 
treatments gave similar GLAI curves (Figures 4.24a,b,c). At the end of the 1998 season 
on Slopes I and II, CC+SM had a higher GLAI than the other treatments, but this 
difference was not significant.  
 
In 1999, no significant treatment effects were found on GLAI on Slope I, despite CC+SM 
plots giving an overall higher GLAI than the other two treatments for all of September. 
Unlike the CC and D treatments, the GLAI curve for CC+SM had only just begun to 
decline at the time of harvest (Figure 4.25a). On Slope II, a repeated measure ANOVA 
did not give a significant treatment effect. Overall, however, there was a significant 
treatment x time interaction. Separate ANOVA were carried out on each sampling date 
and found a highly significant treatment difference on the last measurement date  
30/09/99 (F = 22.97, P < 0.01). An LSD test was carried out and there was found to be a 
significant difference between CC+SM and the other two treatments, but not between D 
and CC (Table 4.40).   
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Table 4.40. Mean GLAI on 30/09/99 on Slope II in 1999  
Treatment Mean GLAI LSD 
D 1.03 a  
CC 1.36 a  
CC+SM 1.95 b 0.34 
NB different letters within the same row denote a significant difference at P < 0.01. 
 
From mid-August onwards, on Slope II, CC+SM had a larger GLAI than the other two 
treatments (Figure 4.25b). At harvest, treatments CC and D were senescing considerably, 
but CC+SM had only just started to senesce in a similar way to Slope I. 
 
On Slope III, there was no significant treatment effect when a repeated measures 
ANOVA was carried out. There was a significant treatment x time interaction. In this 
instance, an LSD test found there were only significant treatment differences on the last 
measurement date, 30/09/99 . A separate ANOVA was carried out for 30/09/99 data and 
a highly significant result was found (F = 29.89, P <0.001). This was followed by an 
LSD, which showed that CC+SM had a significantly larger GLAI than the other two 
treatments, but there were no significant differences between D and CC (Table 4.41).  
 
Table 4.41. Mean GLAI on 30/09/99 on Slope III in 1999 
Treatment Mean GLAI LSD 
D 0.98 a  
CC 1.17 a  
CC+SM 2.05 b 0.36 
 
Treatments CC and D were both in advanced stages of senescence on 30/09/99, whereas 
CC+SM had not begun to senesce at this time (Figure 4.25c). In 1999, it was clear that on 
Slopes I and II, contour cultivation plus straw mulch delayed the onset of senescence, for 
this reason it was decided to consider Green Leaf Area Duration (GLAD) as well as 
GLAI for 1999. 
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Figure 4.24a. Green Leaf Area Index during the 1998 cropping season on Slope I under the 
three treatments, with outcome of repeated measures ANOVA 
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Figure 4.24b. Green Leaf Area Index during the 1998 cropping season on Slope II under the 
three treatments, with outcome of repeated measures ANOVA 
 F              p 
Time 98.45        0.01 
Treatment 0.42          NS 
Treatment x 
Time 
interaction 
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Figure 4.24c. Green Leaf Area Index during the 1998 cropping season on Slope III under the 
three treatments, with outcome of repeated measures ANOVA 
 F              p 
Time 100.88       0.01 
Treatment 0.02           NS  
Treatment x 
Time 
interaction 
0.82           NS 
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Figure 4.25a. Green Leaf Area Index during the 1999 cropping season on Slope I under the 
three treatments, with outcome of repeated measures ANOVA 
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Figure 4.25b. Green Leaf Area Index during the 1999 cropping season on Slope II under the 
three treatments, with outcome of repeated measures ANOVA 
 F              p 
Time 177.66  <0.001 
Treatment 0.74          NS 
Treatment x 
Time 
interaction 
1.53          NS 
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Figure 4.25c Green Leaf Area Index during the 1999 cropping season on Slope III under the 
three treatments, with outcome of repeated measures ANOVA. 
 F              p 
Time 347.59  <0.001 
Treatment 4.56        NS 
Treatment x 
Time 
interaction 
5.81        <0.01 
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CC Time 170.95   <0.001 
Treatment 4.50           NS 
Treatment x 
Time 
interaction 
171.00       0.001 
CC+SM
 
4.7.6 Green Leaf Area Duration 
Green Leaf Area Duration (GLAD) was calculated by plotting leaf area index curves for 
each individual plot, then calculating the area beneath the curve. Mean GLAD for each 
treatment was then derived  from the plot data (Figure 4.26). 
 
Figure 4.26. Green Leaf Area Duration during the 1999 cropping season on the 3 slopes 
under the different treatments (n = 3). 
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On all three slopes there was a tendency for the CC+SM plot to have a higher GLAD 
than the other two treatments. Data were analysed by one way ANOVA, but no 
significant treatment differences were found, even on Slope III (Table 4.42). 
 
Table 4.42. Treatment means for Green Leaf Area duration during the 1999 cropping 
season on the three different slopes, plus F values for one way ANOVAs. 
 
Treatment Slope I Slope II Slope III 
D 138.63 116.35 110.59 
CC 135.34 113.30 122.00 
CC+SM 148.44 129.59 130.49 
F = 0.44 3.06 4.25 
P NS NS NS 
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4.8 Yield 
Total plot grain yield was calculated in two different ways during both cropping seasons 
(Chapter 3, Section 3.11). Total plot measurements of cob yield were taken in addition to 
sample plant measurements and calculations of grain yield were made from both of these. 
 
4.8.1 Grain Yield Calculated From Total Plot Measurements. 
For each plot, at the end of each growing season, total cob weight was recorded. The 
number of missing plants and missing cobs were accounted for and a grain yield at 15% 
moisture content calculated. Figure 4.27 shows grain yield during the 1998 cropping 
season calculated in this way. Grain yield decreased considerably with increasing slope 
angle, with the highest grain yield of 10.3 t ha-1  recorded on Plot 6 on Slope I. On all 
three slopes, in 1998, the CC+SM treatment had a higher yield than the other two 
treatments (Figure 4.27). Data were analysed on a slope-by-slope basis. On Slope I, no 
significant treatment differences were found (χ2 = 1.16). On Slope II, grain yield was less 
than Slope I and one-way ANOVA found no significant treatment differences (F = 0.82). 
On Slope III, grain yield was lower than Slope II. No significant treatment differences 
were found on Slope III (F = 1.30), but again the CC+SM treatment had a higher grain 
yield than the other two treatments. 
 
Figure 4.27. Grain yield corrected to 15% moisture content calculated from total plot data 
on Slopes I, II and III 1998 
0
1
2
3
4
5
6
7
8
9
10
Slope I Slope II Slope III
t h
a-
1
D
CC
CC+SM
 165
In 1999, the 1998 pattern was repeated with grain yield decreasing with increasing slope 
angle. The CC+SM treatment also gave a higher grain yield than the other two treatments 
on all three slopes in 1999 (Figure 4.28). On Slope I, the difference was small and a one 
way ANOVA found no significant treatment differences (F = 1.00). On Slope II, 
however, differences were greater with CC+SM, producing a higher grain yield than the 
other two treatments and a significant treatment effect was found (F = 6.18, P < 0.05). A 
subsequent LSD test found that CC+SM was significantly different from both D and CC 
(Table 4.43). On Slope III, the down slope treatment showed substantial variation, which 
resulted in no significant treatment differences (F = 1.07). 
 
Table 4.43. Mean grain yield on Slope II 1999, corrected to 15% moisture content, 
calculated from total plot data  
 
Treatment Mean grain yield 
(15% moisture 
content) t ha-1
D 3.99 a 
CC 4.45 a LSD 
CC+SM 5.99 b 1.46 
NB Different letters reading down the column represent a significant difference  at P < 0.05  
 
Figure 4.28. Grain yield corrected to 15% moisture content calculated from total plot data 
on Slopes I, II and III 1999.  
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NB White star denotes significant difference at P < 0.05. 
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4.8.2 Grain Yield Calculated From Sample Plant Measurements 
The second method of calculating total plot grain yield was from the sample plants taken 
from each plot at harvest time. Grain was oven-dried, removed from sample plant cobs 
and weighed. An estimate of total plot grain yield, corrected to 15% moisture content 
could then be made, assuming a full complement of plants in each plot. Table 4.44 shows 
mean grain yield estimated from sample plants for each slope in 1998. Compared with 
total plot measurements, this method tended to over-estimate total grain yield, with a 
difference of nearly 20% for the CC treatment on Slope II. Using this method of 
calculating grain yield, treatment trends, found with the total plot method, were absent. 
Using this method CC+SM did not consistently produce a higher yield than the other two 
treatments, on Slopes I D produced the highest yield and on Slope II CC produced the 
highest yield. On Slope III, CC+SM produced the highest yield, followed by D then CC, 
following the same pattern as the total plot measurements. This may have been due to the 
fact that on Slope III the sampling ratio was higher than on Slopes I and II.   
 
Table 4.44. Mean grain yield corrected to 15% moisture content calculated from sample 
plants in 1998 
 
Slope  Treatment Mean grain yield per plot  
(n = 3) calculated from sample 
plants ( t ha-1) 
D 9.37 
CC 8.92 
I 
CC+SM 8.98 
D 6.76 
CC 8.16 
II 
CC+SM 7.29 
D 5.74 
CC 5.67 
III 
CC+SM 6.44 
  
In 1999, it was decided to increase the number of sample plants taken on Slopes I and II, 
given the outcome of 1998 grain yield data. Unfortunately, due to lack of drying facilities 
and labour, this had to be offset by fewer sample plants on Slope III.  However, it was 
anticipated that as the sampling ratio on Slope III was already very high, this reduction 
would have little effect on overall accuracy. Ten sample plants per plot were taken on 
Slopes I and II, as opposed to eight taken in 1998 and four were taken on Slope III, as 
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opposed to six in 1998. Table 4.45 shows mean grain yield calculated from the sample 
plants in 1999.  
 
Table 4.45. Mean grain yield corrected to 15% moisture content calculated from sample 
plants in 1999. 
Slope  Treatment Mean grain yield per plot (n = 3) 
calculated from sample plants  
(t ha-1) 
D 7.59 
CC 7.45 
I 
CC+SM 8.83 
D 4.81 
CC 5.19 
II 
CC+SM 6.71 
D 5.03 
CC 5.48 
III 
CC+SM 6.04 
 
Despite the increase in sample number, the difference between yield calculated from total 
plot measurements and the sample plants was similar in 1998 and 1999. However, in 
1999 the pattern of treatment differences was identical for both methods used, suggesting 
there was greater agreement between the two methods, presumably due to the increase in 
sample number. As with the total plot data, sample plant data showed the CC+SM 
treatment to have a higher grain yield than the other two treatments on all three slopes. 
No significant treatment differences were found for sample plant data in 1999. Of the two 
methods used, the total plot method is probably the most accurate, as it identified 
treatment trends the sample plant method did not. Therefore in Chapter 5, discussion of 
yield results will focus on grain yield calculated from total plot data. The sample plants 
will be used for yield component data only as this was the primary purpose for which 
they were taken. However, disagreement was found when extrapolating from sample 
plants to plot data in terms of yield. Therefore caution has to be taken when extrapolating 
yield components determined from sample plants to the plot level.  
 
4.8.3 Total Plot Leaf Plus Stem Weight 
At harvest, total leaf + stem weight was determined for each plot. Mean percentage shoot 
moisture content was then determined for that plot from the sample plants, which were 
oven-dried and weighed individually. Fresh sample plant weights were added to the total 
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plot weights and an oven-dry leaf + stem weight calculated. For example, in the case of 
Plot 1 in 1999, the 10 sample plants had mean leaf + stem moisture content of 76.14%. 
The amount of oven-dry shoot weight of Plot 1 was then calculated according to equation 
4.1. Where plants produced a second cob, which was undeveloped and grains had not 
filled, this was included in shoot weight. 
   
Equation 4.1: 
 (Total fresh plot leaf + stem weight (g)) + (leaf + stem weight of the sample plants (g)) *   
( 23.86/100) 
Where 23.86/100 = mean percentage of dry matter in fresh samples, calculated from the 
sample plants. 
 
In 1998, there was an additional complication to the calculation of total plot shoot weight, 
as the drying oven caught fire, destroying some samples. Fortunately, the plants 
destroyed were from a range of different plots, so all plots had some remaining sample 
plants from which a mean could be calculated. For example, if from the eight sample 
plants taken two were destroyed, a mean of the remaining six was taken and then 
multiplied by eight in order to give the total sample plant shoot weight. Although this had 
obvious drawbacks, given the circumstances it was the only viable option. Oven-dry 
shoot weight was greatest on Slope I in 1998 and decreased, with increasing slope angle 
in the same way as grain yield (Figure 4.29). Data were subject to an one way ANOVA 
on a slope by slope basis. On Slope I, the CC+SM treatment produced the highest shoot 
dry weight, which followed the same pattern as grain yield on this slope in 1998. No 
significant treatment effects were found on shoot weight on Slope I in 1998 (F = 1.48).  
On Slope II, D produced the greatest shoot weight. There was, however, much variation 
with the D treatment and no significant treatment effects were found (F = 0.40). On Slope 
III, the steepest slope, the D again produced the greatest shoot weight, followed by CC 
then CC+SM, following the same pattern as Slope II. As with Slope II, these treatment 
differences were not significant (F = 1.84). 
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Figure 4.29. Oven dry shoot weight on the three slope classes at the end of the 1998 
cropping season  
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In 1999, shoot weight followed the same pattern as grain yield on Slope I and II in terms 
of treatments effects, CC+SM > D > CC on Slope I and CC+SM > CC > D on Slope II 
(Figure 4.30). Data were analysed by one way ANOVA on a slope-by-slope basis in the 
same way as grain yield. On Slope I, a significant treatment effect was found (F = 5.46, P 
<0.05). An LSD test found CC+SM produced significantly greater shoot weight than CC, 
but not D (Table 4.46). On Slope II, a significant treatment effect was also found at P 
<0.05 (F = 9.24). On this slope, CC+SM produced a higher shoot weight than both the 
CC and the D treatment (Table 4.47).  
 
Unlike the other two slopes, no significant treatment effects were found on Slope III (F = 
0.56) in 1999. Treatment effects on leaf + stem weight did not follow the same pattern as 
those found with grain yield on Slope III, with D  producing the largest amount of leaf + 
stem and the smallest grain yield.  
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Figure 4.30. Oven-dry shoot weight on the three slope classes at the end of the 1999 
cropping season.  
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NB white star denotes a significant difference at p <0.05. 
 
Table 4.46. Mean shoot weight on Slope I at the end of the 1999 season with LSD value  
 
Treatment Mean oven dry shoot  
weight t ha-1
LSD 
D 6.40 ab  
CC 6.14 a  
CC+SM 7.19 b 0.81 
 
Table 4.47. Mean shoot weight on Slope II at the end of the 1999 season with LSD value  
 
Treatment Mean oven dry shoot weight t ha-1 LSD 
D 4.06 a  
CC 4.31 a  
CC+SM 5.56 b 0.55 
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4.8.4 Sample Plant Measurements 
Yield components were measured on all sample plants after harvest in both years, in 
addition to selected plant parameters. In 1998, there were no significant treatment effects 
in terms of grain yield. However, there was a trend whereby the CC+SM treatment  
produced a higher grain yield on all three slopes. In order to investigate the cause of this 
trend, yield components were analysed on sample plants and data subjected to analysis by 
one way ANOVA or the Kruskal Wallis test, where necessary (Table 4.48). 
 
Table 4.48. Analysis of mean yield component and growth parameter data (n=3) on the 
three slopes at the end of the 1998 cropping season. 
Mean yield components  Growth parameter 
 Cob 
weight/ 
plant 
(g) 
Grain 
weight/ 
plant 
(g) 
Grain 
number
/ cob 
Thous. 
grain 
weight 
(g) 
Cob 
length 
(cm) 
Cob 
girth 
(cm) 
Plant 
height     
(cm) 
Stem 
girth 
(cm) 
Leaf 
number 
Slope I          
D 165.16 139.82 563.75 255.24 18.15 15.98 209.83 6.47 9.50 
CC 154.89 133.00 569.04 236.02 17.61 15.72 206.33 6.33 10.46 
CC+SM 155.63 135.56 584.54 235.31 17.67 15.77 214.34 6.29 9.96 
F 2.27 1.12 0.26 3.56 0.63 1.44 0.89 0.34 0.43 
p NS NS NS NS NS NS NS NS NS 
          
Slope II          
D 120.04 100.75 543.75 195.54 16.95 14.98 184.78 5.76 9.42 
CC 143.40 121.68 586.88 216.69 18.25 14.86 192.03 6.09 9.83 
CC+SM 128.72 108.65 557.21 204.91 17.17 15.10 189.40 5.83 10.58 
F 3.34 3.36 3.88 0.91 3.17 0.18 0.56 0.74 0.72 
p NS NS NS NS NS NS NS NS NS 
          
Slope III          
D 100.72 85.63 445.31 211.65 14.67 14.41 197.93 5.37 9.72 
CC 98.16 84.54 475.83 188.26 13.93 14.50 204.31 5.17 9.88 
CC+SM 112.40 96.00 513.72 207.24 15.39 14.76 198.27 5.18 9.83 
F 1.46 1.42 5.06 1.06 1.88 0.81 0.65 1.22 0.36• 
p NS NS NS NS NS NS NS NS NS 
NB • denotes χ2 after a Kruskal Wallis test. 
 
No significant treatment effects were found on the yield parameters considered on any of 
the three slopes in 1998. In 1998, all plants on all three slopes produced just one grain 
yielding cob, apart from Plot 5, where one sample plant produced two grain yielding cobs 
giving a mean of 1.13 cobs per plant on this plot. On Slope III, analysis of grain number 
per plant gave  P = 0.052. The CC+SM treatment produced a greater mean number of 
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grains per plant, followed by CC and then D. On all slopes, some plants produced extra 
immature cobs, which did not yield grain. These were treated as part of the shoot weight, 
as they did not contribute to yield. There were also no significant treatment effects on the 
plant growth parameters measured at harvest on any of the slopes, in 1998. All sample 
plants had a similar plant height, stem girth and leaf number.  
 
In 1999, the CC+SM treatment produced significantly higher grain yield on Slope II than 
the other two treatments (Figure 4.28) and higher grain yields on Slopes I and III 
(although not significant).  It was therefore important to examine yield and plant growth 
parameters on sample plants in 1999. There was also the added factor on Slopes I and II 
of an increased number of sample plants compared with 1998. One immediate difference 
between the 1998 and 1999 data was the mean number of cobs produced per plant. In 
1999, many plants produced more than one cob, giving means >1 for all treatments on all 
slopes (Table 4.49). On Slopes I and III, the CC+SM treatment had a higher mean cob 
number per plant than the other two treatments. However, these differences were not 
significant. 
 
Table 4.49. Mean cob number per plant on the three slopes under the different treatments 
in 1999 
Slope  Treatment Mean cob number per plant 
D 1.43 
CC 1.40 
CC+SM 1.67 
F 2.48 
I 
p NS 
D 1.23 
CC 1.20 
CC+SM 1.2 
F 0.04 
II 
p NS 
D 1.08 
CC 1.08 
CC+SM 1.33 
F 3.00 
III 
p NS 
 
For the other yield components measured, no significant treatment effects were found on 
Slope I in 1999 (Table 4.50). On Slope II, significant treatment effects were found on 
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three of the parameters measured; cob girth, plant height and leaf number. For oven-dry 
cob weight per plant and oven-dry grain weight per plant, a significance level of exactly 
0.05 was found on Slope II. For cob girth on Slope II, an LSD test showed the cobs 
produced by D were significantly shorter those produced by CC or CC+SM. No 
significant difference was found between the CC and CC+SM treatments.  
 
Table 4.50. Analysis of yield component data on the three slopes at the end of the 1999 
cropping season.  
Mean yield components  Growth parameter 
 Cob 
weight/ 
plant 
(g) 
Grain 
weight/ 
plant 
(g) 
Grain 
number
/ cob 
Thous. 
grain 
weight 
(g) 
Cob 
length 
(cm) 
Cob 
girth 
(cm) 
Plant 
height       
(cm) 
Stem 
girth 
(cm) 
Leaf 
number 
Slope I          
D 144.63 117.99 509.19 236.10 21.61 15.82 221.09 6.99 10.33 
CC 132.98 110.99 519.93 226.29 21.35 15.75 224.29 6.84 10.07 
CC+SM 152.36 127.35 551.38 226.61 21.31 15.82 229.04 7.62 10.47 
F 0.62 0.62 0.71 0.23 0.09 0.02 1.14 2.17 2.46• 
p NS NS NS NS NS NS NS NS NS 
          
Slope II          
D 78.79 65.52 458.82 165.38 18.84 14.06 a 196.49 a 6.36 9.0 a 
CC 93.39 77.34 420.52 156.56 20.64 15.03 b 210.01 b 6.84 9.4 b 
CC+SM 120.24 100.09 475.37 207.57 20.77 15.67 b 215.92 b 6.52 10.1c 
F 5.16 5.44 0.85 1.71 4.35• 10.24 8.81 0.62 22.41 
p 0.05 0.05 NS NS NS <0.05 <0.05 NS <0.01 
LSD      0.88 11.61  0.41 
Slope III          
D 89.10 75.13 453.75 175.13 18.56 14.96 230.62 5.67 8.75 
CC 95.74 81.76 449.08 164.34 19.30 15.20 211.58 5.67 9.67 
CC+SM 105.59 90.08 448.33 207.21 19.51 14.93 229.56 5.67 10.75 
F 1.34 1.48 0.01 0.68 0.72 0.44 1.87• 0.00 3.97 
p NS NS NS NS NS NS NS NS NS 
NB • denotes χ2 after a Kruskal Wallis test. 
 
On Slope II in 1999, D produced significantly shorter plants than CC or CC+SM and 
although the CC+SM treatment produced the tallest plants overall, they were not 
significantly taller than the CC treatment (Table 4.50). There was also a significant 
treatment effect on leaf number. An LSD test found significant differences between all 
treatments, with the CC+SM treatment producing the highest leaf number followed by 
CC then D (Table 4.50). On the steepest slope, Slope III, no significant treatment 
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differences were found on any of the parameters measured on the sample plants in 1999. 
In summary, there were no treatment effects on yield components in 1998 and a 
significant effect on cob girth in 1999. In 1999, there were also significant treatment 
effects on plant height and leaf number. 
 
4.8.5 Harvest Index 
Harvest Index is the weight of the commercially utilisable part of the crop (in this case 
the grain) divided by the total weight of the crop. Harvest Index (HI), was calculated 
from the plot data only, for both years. In 1998, HI was similar for all plots. On Slopes II 
and III, HI was highest for the CC+SM treatment, but the differences were not 
statistically significant (Table 4.51). In 1999, there were also no significant treatment 
effects on HI (Table 4.52). This year, HI was highest on Slope I, followed by Slope II, 
then Slope III. On Slopes II and III, again CC+SM gave a higher HI, but the differences 
were not significant. 
 
Table 4.51. Harvest index for the 1998 cropping season with F values following one-way 
ANOVA 
Treatment Harvest Index F p n 
Slope I Mean S.E.    
D 0.51 0.02    
CC 0.49 0.01    
CC+SM 0.48 0.02 0.58 NS 3 
Slope II      
D 0.47 0.04    
CC 0.50 0.02    
CC+SM 0.53 0.02 1.74 NS 3 
Slope III      
D 0.48 0.02    
CC 0.48 0.03    
CC+SM 0.54 0.03 1.63 NS 3 
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Table 4.52 Harvest index for the 1999 cropping season with F values following one-way 
ANOVA. 
Treatment Harvest Index F p n 
Slope I Mean S.E.    
D 0.47 0.01    
CC 0.45 0.01    
CC+SM 0.46 0.01 0.54 NS 3 
Slope II      
D 0.42 0.01    
CC 0.43 0.02    
CC+SM 0.44 0.01 0.77 NS 3 
Slope III      
D 0.36 0.04    
CC 0.40 0.02    
CC+SM 0.43 0.02 1.71 NS 3 
 
 
4.9 Chemical Analysis of Leaf and Manure Samples 
During both growing seasons, mid-season samples of leaf material were taken. In 1998, 
this was confined to Slope II and in 1999 Slopes I and II. Samples were analysed for Ca, 
Mg and K content and this was then expressed as a percentage of dry weight. Typical 
percentage concentrations of Ca, K and Mg found in plant material are 0.3-2.5% for Ca, 
0.5-5% for K and 0.1-0.5% for Mg (Allen, 1989). 
 
Leaf samples 
In 1998, leaf samples taken from Slope II had a mean Ca content of 0.21%, which is low 
compared with typical levels. A one way ANOVA found no significant treatment 
differences for % Ca in 1998 (Table 4.53).  
 
Table 4.53. Mean % Ca, K and Mg  in mid-season leaf samples taken from Slope II 1998 
Treatment Mean Ca % Mean K % Mean Mg % 
D 0.21 1.59 a 0.51 
CC 0.22 1.86 ab 0.52 
CC+SM 0.21 2.10 b 0.43 
    
F 0.01 8.36 4.75 
p NS <0.05 NS 
LSD  0.31  
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Mean K in leaf samples in 1998 were 1.8%, which is typical for plant material. The 
CC+SM treatment produced plants with a higher % K  in the leaves than the other two 
treatments. One-way ANOVA found this difference to be significant. When followed by 
an LSD test, it was found that CC+SM had significantly higher K than D, but not CC. Mg 
in the leaf material was high, with a mean of 0.48%. The CC+SM treatment had leaf 
material with lower Mg than the other two treatments, but with no significant treatment 
differences (Table 4.54). In 1999, mid-season leaf samples were taken from both Slopes I 
and II, to determine if the significant treatment effect on Slope II in 1998 was specific to 
that slope or was more general. Samples were not taken from Slope III, as there were too 
few plants to withstand sampling. Ca in leaf samples in 1999 was much higher than in 
1998 (Table 4.54).  
 
Table 4.54. Mean % Ca, K and Mg  in mid-season leaf samples taken from Slope II 1999. 
Treatment Mean Ca % Mean K % Mean Mg % 
Slope I    
D 0.62 1.55 0.25 
CC 0.57 1.54 0.24 
CC+SM 0.55 1.67 0.23 
    
F 2.14 0.34 0.20 
p NS NS NS 
    
Slope II    
D 0.66 0.85 a 0.36 
CC 0.65 0.98 a 0.32 
CC+SM 0.61 1.51 b 0.24 
    
F 0.02 14.97 2.53 
p NS <0.01 NS 
LSD  0.31  
 
No significant treatment differences were found on Ca in 1999 on Slopes I or II. Leaf 
sample K in 1999 on Slope II was lower than in 1998, with a mean value of 1.11% (Table 
4.55). On both Slopes I and II, the CC+SM treatment produced a higher mean % K 
content than the other two treatments. On Slope I, this difference was not significant. 
However, on Slope II the difference proved to be highly significant. A subsequent LSD 
test on Slope II data found that the CC+SM treatment was significantly different from 
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both the D and the CC treatments. Leaf Mg on Slope II in 1999 was lower than in 1998 
(mean = 0.31%). Values were even lower on Slope I, with a mean of 0.24% (Table 4.55). 
On both slopes, the CC+SM treatment had less Mg in leaf samples than the other two 
treatments, although these differences were not significant, with F values of  0.20 and 
2.53 on Slopes I and II, respectively.  
Manure and Straw Samples 
In addition to leaf samples, manure and straw samples were also analysed in order to 
determine inputs to the system. Manure was measured in both years. In 1998, pig manure 
was used and in 1999, cow manure. As the only other fertilisers added to the plots were 
urea and superphosphate, the manure was the main source of Ca, K and Mg entering the 
system on the non-mulched plots. Table 4.55 shows % levels of the three nutrients for the 
manure in both years, in addition to the amount added to the plots in t ha-1 (calculated 
from the amount of fertiliser added to the plots). For 1999, the amount of nutrients in the 
straw are also included. Unfortunately, no straw samples were taken in 1998.  
 
 
Table 4.55. Ca, K and Mg in manure and straw added to the erosion plots in 1998 and 
1999. 
 
 1998 1999 
 % in 
manure 
Amount in 
manure       
(t  ha-1) 
% in 
manure  
Amount in 
manure       
(t ha-1) 
% in straw Amount in 
straw                
(t ha-1) 
Ca 1.81 0.19 2.04 0.21 0.17 0.007 
K 1.29 0.13 2.34 0.24 0.52 0.021 
Mg 0.91 0.09 0.18 0.02 0.08 0.003 
 
The amount of nutrients does not represent the amount that would have reached the soil 
or crop, as the dry-ashing method used gives no indication of the form in which the 
element occurs. However, it does give an indication of the potential input. Straw mulch 
on the CC+SM plots provided a potential source of Ca and Mg, but more importantly K. 
The CC+SM plots in 1999 received an extra 8.75% K input than the other plots. Whether 
this input was in a utilisable form remains to be answered, but from the K results for plot 
soil and leaf material, it appears that the extra K from the straw did enter the soil system 
and was taken up by plants on Slope II. 
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4.10 Summary of Results 
 
This study considered several aspects of soil erosion and crop productivity and therefore 
produced a detailed data set. Main findings of Chapter 4 can be summarised as follows: 
 
• 1998 experienced 28% greater than average precipitation whereas 1999 experienced 
an average amount. 
• In 1998 there were more high intensity rainfall events than in 1999. 
• Soil conservation measures were found to significantly reduce runoff on Slopes II and 
III in 1998 and Slope III in 1999. 
• In 1998 CC and CC+SM both significantly reduced soil loss on Slopes I and II 
whereas only CC+SM significantly reduced soil loss on Slope III. 
• In 1999 CC and CC+SM both significantly reduced soil loss on Slopes II and III but 
not on Slope I. 
• In 1998 total rainfall amount was a greater determinant of the amount of soil loss than 
in 1999 and in 1999 rainfall intensity was a greater determinant than in 1998. 
• In the wet conditions of 1998 CC+SM had little impact on soil moisture, however in 
the drier conditions of 1999 CC+SM significantly increased soil moisture compared 
with CC throughout the growing season. 
• Soil surface temperature was significantly lower under CC+SM than CC on half of 
the occasions of measurement in 1998 and all but one of the occasions of 
measurement in 1999. 
• Soil temperature at a depth of 5cm was significantly lower under CC+SM on one 
occasion at the beginning of 1998 and on 8 out of the eleven occasions it was 
measured in 1999. 
• Soil matric potential was significantly higher under CC+SM in the dry year (1999) 
especially during the drought period. 
• No significant treatment effects were found on soil bulk density at the 0-10 and 10-
20cm depths. 
• Soil pH was ~ 7.4  on Slope I,  7.0 on Slope II and 5.8  on Slope III. 
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• Organic C levels were < 2 % on all slopes. 
• Mean soil total N was significantly lower under the D treatment than under CC and 
CC+SM at the end of the 1998 season.  
• For soil available N there were significant differences between all treatments on 
Slopes I and II at the end of the 1998 season with Available N decreasing in the order 
of CC+SM > CC > D. On Slope III at the end of the 1998 season CC+SM had 
significantly higher available N than  D or CC. 
• At the beginning of the 1998 cropping season, soil available K was significantly 
higher for CC+SM than D or CC, however at the end of the season this effect had 
been lost. In 1999 soil available K was significantly higher under CC+SM than the 
other two treatments. During the 1999 season D and CC both experienced a decrease 
in available K whereas CC+SM experienced an increase. 
• Analysis of fine sediment samples revealed treatment effects on per unit Zn, K, Ca 
and P content. Effects varied with slope and date. 
• In 1998 there were no significant treatment effects on plant height. In 1999 plant 
height was significantly lower for D than CC and CC+SM on two measurement 
occasions. 
• In 1998 there were no significant treatment effects on GLAI. In 1999 GLAI was 
generally higher for CC+SM than the other two treatments on all slopes, especially 
towards the end of the season. However a repeated measures ANOVA found no 
significant treatment differences. 
• In 1999 GLAD was higher for CC+SM than D and CC for all slopes however 
differences were not significant. 
• In 1999 CC+SM produced a significantly higher grain yield than D or CC on Slope II. 
• CC+SM also produced significantly higher shoot weight than D and CC on Slopes I 
and II in 1999. 
• On Slope II mid season leaf samples taken from CC+SM had a significantly higher K 
content than D or CC in 1998 and 1999. 
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Chapter 5. Discussion and Conclusions 
Introduction 
In this chapter results are discussed in terms of the aims and objectives outlined in 
Chapter 1, Section 1.4. Firstly, the effects of the two soil conservation measures in 
relation to runoff and soil loss will be discussed. This is followed by a discussion of the 
effects of the conservation measures on soil physical and chemical properties and how 
this translates into growth and yield response. The relevance of the findings to Yunnan 
are then discussed, before conclusions are drawn. Finally limitations of the study are 
assessed, followed by recommendations for future work. 
 
5.1 Runoff and Soil Loss  
5.1.1 Seasonal Runoff 
The unreplicated bare plots 
Runoff and soil loss produced from the unreplicated bare plots gave an indication of 
potential rainfall erosivity and soil erodibility at the study site. In 1998, total seasonal 
runoff from the unreplicated bare plots showed an unexpected decrease with increasing 
slope angle. Had angle been the only difference between the three sets of plots, runoff 
would probably have increased with increasing slope angle. However, cultivation history, 
soil chemical and physical properties and plot size varied between the slopes. The 
difference between runoff produced from the bare plot on Slope I and the bare plot on 
Slope II was probably due, in part, to the fact that the collector on Slope II overflowed 
twice during the 1998 season. The Slope II total of 3092 m3 ha-1 was, therefore, an 
underestimate. 
 
Total seasonal runoff produced from the bare plot in 1998, on the steepest slope (Slope 
III) was 2246 m3 ha-1,  34% less than Slope I and 27% less than Slope II. Several factors 
contributed to this difference. Firstly, on the bare plot on Slope III bulk density was lower 
than on the other two slopes (Chapter 4, Section 4.4) and organic matter was higher. A 
lower bulk density is indicative of a higher porosity (Rowell, 1996), which increases soil 
infiltrability and therefore reduces runoff. Soil organic matter content has also been 
linked to higher infiltrability (Lal, 1986) and can, therefore, also reduce runoff. Secondly, 
 181
surface sealing on the three bare plots could have varied. Surface sealing can reduce 
infiltration rates and, therefore, increase runoff amounts (Morgan, 1984). Surface sealing 
varies with particle size. Barton (2000) found median soil particle size (d50 μm) to be 
generally greater on Slope III than on Slopes I and II at the end of the 1996 cropping 
season. Therefore, surface sealing would be less likely to occur on Slope III than on 
Slopes I and II. Particle size was not measured in this study, as no treatment differences 
were found by Barton (2000), only slope differences. In addition, it has been reported that 
surface sealing is often inhibited on steeper, compared to shallower slopes, due to greater 
soil movement (Poesen, 1984). Thirdly, plots on Slope III were smaller than those on the 
other two slopes. The velocity of runoff increases with distance travelled (Boughton, 
1967). On Slope III, runoff velocity could have been reduced by the shorter slope length 
compared to Slopes I and II and runoff travelling at a lesser velocity is more likely to 
infiltrate. However, the relationship between slope length and runoff amount is 
complicated. Lal (1976a) studied runoff and soil loss from different slopes lengths on 
different slope angles. He found runoff per unit area was always less on longer slopes, 
irrespective of slope angle, which contradicts the results found here.  
 
In 1999, a problem was encountered with leaking collectors on Slope II. These data could 
not, therefore, be used. Subsequently, runoff data from Slopes I and III only will be 
discussed here. For the bare plots on Slopes I and III, seasonal runoff in 1999 was 1515 
and 1758 m3 ha-1, respectively. These were approximately half the amounts produced in 
1998 despite the fact that rainfall was only ~20% less in 1999 than 1998. This could have 
been due to the fact that in 1999 there were fewer high intensity rain storms than in 1998 
and unlike 1998, no rainstorms with a maximum 30 minute intensity >50 mm hr-1. It 
could also have been due to the distribution of rainfall, which varied between the two 
years. In 1998, from weeks 3 to 13, weekly rainfall was high with the exception of week 
11 and there were few rain-free days. Antecedent soil moisture was, therefore, high each 
time another rain event occurred. However, in 1999 weekly rainfall was less evenly 
distributed and there were more rain-free days, leading to the number of rain events 
occurring when antecedent soil moisture was high, being fewer than in 1998. When 
antecedent soil moisture is high, infiltration capacity is lowered, runoff will, therefore, 
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occur at lower rainfall intensities and amounts, than would occur with a drier soil 
(Koppula, 1999). Kwaad et al. (1998) found runoff to be 30-177% greater from a wet soil 
than a dry soil.  
 
The bare plot on Slope III produced a greater amount of runoff per unit area than Slope I 
in 1999. This was not the case in 1998. It could have been that in the high intensity 
rainstorms of 1998, surface sealing occurred on Slope I, leading to a disproportionate 
amount of runoff, something that did not occur in the less intense rain of 1999. However, 
on Slope III, with a steeper slope and lower bulk density, surface sealing could have been 
minimal in both years. This would have resulted in Slope I producing more runoff than 
Slope III in 1998 but not in 1999. Such differences highlight the fact that a quantitative 
evaluation of runoff and soil loss in terms of Slope angle only would have been 
inappropriate. 
 
Contour cultivation and contour cultivation plus straw mulch 
The two soil conservation measures had varying effects on runoff in 1998 and 1999. On 
Slope I, a higher level of replication may have led to significant treatment differences 
being discovered. However with three replicates no significant differences were found in 
1998 or 1999. In both years on Slope I, treatment D produced the greatest amount of 
runoff, following the same pattern as the significant effects found on the other slopes, 
however within-treatment variation prevented this difference from being significant. 
Mutchler et al. (1994) also found no significant treatment effects on runoff when they 
considered downslope and contour cultivation on a shallow (5%) slope in Mississippi. 
Straw mulch, however, has been shown to significantly reduce runoff on shallow slopes 
by several studies e.g. (Adams, 1966.; Lal, 1976a, 1998).   
 
On Slope II in 1998, contour cultivation significantly reduced runoff compared with 
downslope cultivation. Contour cultivation tended to promote surface storage on Slope II, 
whereas no surface storage occurred on the downslope plots on the same slope. The 
method of weeding used in the experiment promoted surface storage for contour 
cultivation. Weeding was carried out by hoeing soil from the middle of the row towards 
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the maize stems. This formed a ridge along the row of maize (Chapter 3, Section 3.3.1), 
behind which ponding occurred. The ridge remained from the first time weeding until the 
end of the experiment and was reinforced every time weeding occurred. Although this 
was not strictly ‘ridge cultivation’ as described by Morgan, (1995), a similar ponding 
effect was achieved. Weeding in this way also increased runoff from the downslope plots. 
Channels were formed in between the rows, going downslope in which runoff became 
concentrated (Plate 5.1). The advantage given by contour cultivation in terms of surface 
storage is generally less in particularly intense storms (Morgan, 1995), as water from the 
ponded areas can break through the ridges, resulting in increased runoff.  This effect was 
noted several times on Slope II. Mutchler et al. (1994) attributed the failure of contour 
cultivation to prevent runoff in their study entirely to this effect. However, Mutchler et 
al.1994 used mechanised tillage operations making a comparison with this study difficult. 
 
Contour cultivation plus straw mulch significantly reduced runoff on Slope II in 1998 
compared with D and CC. The advantage of CC+SM over CC appeared to result from 
increased infiltration, evident from the reduced surface storage with CC+SM. Mulching 
can reduce surface sealing caused by raindrop impact, leading to increased infiltration 
and decreased runoff  (Mannering and Meyer, 1963). The importance of this effect of 
mulch was demonstrated by Borst and Woodburn (1942). They applied mulch to plots on 
which surface sealing had already occurred and those on which it had not. On the 
unsealed plots, mulching reduced runoff considerably, whereas on the sealed plots it did 
not. The mulch material itself can also absorb rainfall to a limited extent depending on 
surface coverage (Jennings and Jarrett, 1985).  
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Plate 5.1. Runoff being channelled between the rows on a downslope plot (light 
brown colour is sediment laden water running downslope). 
 
 
 
Contrasting treatment effects on runoff were found on Slope III in the two year study. In 
the unusually heavy rainfall experienced 1998, CC did not significantly reduce runoff 
compared with D. This could have been due to the restricted plot width on Slope III. The 
difference between D and CC across the plot was just 1 pit (2 plants) (Figures 3.3c, d, 
Chapter 3, Section 3.3.1). Therefore, the ridges formed across the contour by weeding on 
the CC plots were narrow, and excessive runoff, which accumulated behind the ridges, 
could have built up and run down the edges of the plot. Ridges formed by weeding were 
also less well defined on this slope than on the other two slopes. This was due partly to 
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the difficulty of mounding soil up below the maize row on such a steep slope and the less 
cohesive nature of the soil on Slope III, which made the ridges less stable. However, if 
the runoff data for D for both years is considered (Chapter 4, Tables 4.2 and 4.3) it is 
evident that more runoff was produced in 1999 than in 1998, despite there being less 
rainfall in 1999. One explanation for this could be that in the heavy rains experienced in 
1998, runoff from the downslope plots flowed over the plot dividers and into the CC 
collectors. Although this was not actually seen, it would explain the lower D values in 
1998 than 1999 and the higher CC values in 1998 than 1999. Individual plot totals agree 
with this (Table 5.1). Plot 24, which was between two D plots has a high runoff amount, 
three times that of Plot 22, which was next to a CC+SM plot. The effectiveness of CC    
as a soil conservation measure on Slope III in 1998, may, therefore, have been 
underestimated. 
 
Table 5.1. Total seasonal runoff  (21/05/98 – 07/10/98) on Slope III in 1998 
Plot number Runoff m3 ha-1 Treatment 
21 0 CC+SM 
22 119.17 CC 
23 341.04 D 
24 370.49 CC 
25 318.96 D 
26 321.04 CC 
27 0 CC+SM 
28 44.44 CC+SM 
29 376.22 D 
  
In 1999, when rainfall was more typical of seasonal conditions in Yunnan, CC  
significantly reduced runoff despite the steepness of the slope. This suggested that in the 
intense rainfall events of 1998, rainfall exceeded infiltration capacity plus surface storage 
capacity, whereas in 1999 it did not. In both years straw mulch significantly decreased 
runoff compared with the other two treatments on Slope III. In both years straw mulch 
reduced runoff by 100% on two of the straw mulched plots, which was unexpected, 
especially given the greater than average amount of rainfall experienced in 1998.   
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5.1.2 Seasonal Soil Loss 
The unreplicated bare plots 
The greatest amount of soil loss per unit area on the bare plots in 1998 occurred on Slope 
II followed by Slope III and then Slope I. This did not correspond with the amount of 
runoff produced. However, as pointed out in Chapter 5, Section 5.2.1 runoff from the 
bare plot on Slope II was underestimated. On the bare plot on Slope I, the greatest runoff 
amount was accompanied by the least soil loss. This suggests that soil loss was 
detachment limited rather than transport-limited on this Slope. This was confirmed by the 
lack of rill formation on the bare plot on Slope I, compared with Slope II (Plate 5.2). 
Rills, once established, can greatly increase the amount of sediment in runoff. Morgan 
(1977) found that sediment yield increased by approximately forty times when rills were 
present in a runoff plot. On the bare plot on Slope III in 1998, limited rilling did occur, 
however, the restricted plot size could have hindered rill formation, reducing soil loss. It 
has been reported that the minimum slope length required for adequate rill formation to 
occur is 5 m (Mutchler et al., 1994). On Slopes I and II, plots were 8 x 3 m, whereas on 
Slope III they were 6 x 1.2 m, only 1 m longer than the length advised by Mutchler and 
just over 1/3 of the width of plots on Slopes I and II. 
 
In 1999, soil loss decreased from the unreplicated bare plots with increasing slope angle. 
On Slopes I and II, soil loss was approximately half the amount produced in 1998, which 
was as expected, given the lesser amount of rainfall experienced in 1999. On Slope III, 
however, more soil loss was produced from the bare plot in 1999 than in 1998, an 
unexpected result. As the bare plots were unreplicated, the greater amount of soil loss in 
1999 could have been due to an anomaly caused by the plot design. Due to the gradient 
on Slope III, slope failure could have occurred, resulting in a large amount of soil 
suddenly slumping into the collector. This can occur when soil accumulates at the 
collectors edge, a drawback of erosion plots noted by Hayward (1968). There is some 
evidence that this may have happened on the 09/07/99 when sediment load in runoff 
produced from Plot number 30 was particularly high. However, runoff on this occasion 
did result from a particularly intense rainstorm and, therefore, sediment load in the runoff 
could have been derived from the entire plot. 
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Plate 5.2. Rilling on the bare plot Slope II 
 
 
Contour cultivation and contour cultivation plus straw mulch 
In 1998, significant treatment effects on soil loss were found on Slope I despite no 
significant effects on runoff. Statistically, both CC and CC+SM reduced soil loss to the 
same extent, with no extra advantage given by the addition of straw mulch. Therefore, on 
Slope I in 1998 contour cultivation reduced soil loss in one of two ways. Firstly, CC 
could have been reducing soil detachment, without reducing runoff amount. The 
detachment of soil depends on the tractive force exerted by the runoff and the shear soil 
strength (Woo et al. 1997). Contour cultivation reduces the velocity of runoff and, 
therefore, reduces the tractive force it exerts on the soil, leading to decreased detachment. 
Secondly, CC may not have been reducing detachment, but sediment was being deposited 
behind the contour rows. The ridges formed once weeding began would have increased 
this effect. Emama Ligdi and Morgan (1995), when studying the effects of simulated 
contour grass strips on runoff and erosion, noted the ponding and deposition of sediment 
which occurred behind the strips. The same ponding effect was noted on the CC and 
CC+SM plots in 1998, behind the rows of maize and, although deposition of sediment in 
these ponded areas was not obvious, it could have been occurring. However, ponding also 
occurred to a limited extent with treatment D on this slope. In 1999, D again produced the 
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greatest amount of soil loss with CC and CC+SM reducing soil loss to a similar extent. 
However, no significant treatment effects on soil loss were found on Slope I. This shows 
that on a 3° slope, in average rainfall conditions, the two conservation measures 
investigated do not significantly reduce erosion compared with the traditional planting 
method employed in the area. However, in a year with greater than average rainfall, 
contour cultivation can offer significant protection against erosion on this shallow slope. 
 
Treatment effects on soil loss on Slope II were consistent in both years, with D having the 
greatest soil loss followed by CC and then CC+SM. In both years on Slope II, rills 
formed between the rows on the downslope plots, accelerating runoff. This led to 
significantly more runoff and soil loss occurring from D in 1998. In 1999, actual runoff 
measurements could not be used on Slope II, due to leaking collectors (as already 
explained, Chapter 4, section 4.2.1, this did not affect soil loss measurements). However, 
rilling was again noted with the D treatment, suggesting the same mechanisms operated. 
Woo et al. (1997) demonstrated that soil detachment in rill floors which were already 
saturated, was much greater than from interill areas, due to a lowering of soil shear 
strength. It can, therefore, be hypothesised that on Slope II, D produced a greater amount 
of soil loss than the other two treatments due to increased detachment and transport. This 
hypothesis would need further investigation to be confirmed. 
 
The lack of any significant difference between CC and CC+SM on Slope II in 1998 was 
due to the high level of variation within the data (Table 5.2). In 1999 there was a clear 
difference between CC and CC+SM (Table 5.2). However, with just three replicates a 
one way ANOVA followed by an LSD test found no significant difference between CC 
and CC+SM. It was expected that CC+SM would reduce soil loss to a greater extent than 
CC alone, due to the fact that CC has been shown to be ineffective on slopes >4.5° 
(Morgan, 1995). In 1998, there was a significant difference in runoff amount produced by 
CC and CC+SM, but not in soil loss. It was speculated that this was due to the beneficial 
effect of straw mulch diminishing, as the canopy developed. Straw mulch prevents 
raindrops from impacting the soil surface and, thereby, detaching soil (Mannering and 
Meyer, 1963). Generally, as the canopy develops, raindrops are intercepted by leaves and 
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the amount of rain to reach the ground decreases (Morgan, 1985). However, the opposite 
effect has been shown beneath maize canopies, e.g. soil detachment can increase as 
canopy cover increases due to rainfall accumulating on leaves then hitting the ground in 
larger drops with greater energy (Morgan 1985). One-way ANOVAs on individual storm 
events in both years found no significant treatment differences between CC and CC+SM 
in June or July, after which time the canopy was fully developed. It, therefore, appears 
that on Slope II, straw mulch decreased runoff by intercepting rainfall, causing increased 
infiltration, yet, when runoff did occur, the gross amount of sediment detached was 
similar to that detached by the larger amount of runoff generated on the contour 
cultivated plots.  
 
Table 5.2. Seasonal soil loss values for plots on Slope II in 1998 and 1999 
Plot number Treatment Soil Loss t ha-1  
1998 
Soil Loss t ha-1   
1999 
11 D 24.40 15.31 
17 D 13.06 10.65 
19 D 19.88 8.60 
12 CC 8.48 2.73 
14 CC 13.23 1.03 
18 CC 2.31 1.17 
13 CC+SM 8.99 0.31 
15 CC+SM 0.69 0.33 
16 CC+SM 0.85 0.25 
 
 
On Slope III, in 1998, runoff and soil loss results were consistent with each other. 
CC+SM significantly reduced both runoff and soil loss compared with D, whereas CC 
had no effect. Soil loss reduction was almost entirely caused by a reduction in runoff. The 
failure of CC to prevent soil loss on this slope was, as discussed in the runoff section, 
possibly due to the restricted width of the plots and it would be interesting to repeat the 
experiment using wider plots to verify this. As pointed out in the runoff section, there was 
also the possibility in 1998 that runoff and, therefore, sediment from the D plots was 
overflowing into the CC collectors during the largest rainfall events. Either of these 
reasons could have accounted for the insignificant result found between D and CC on 
Slope III in 1998. The effectiveness of straw mulch in reducing soil loss on this slope was 
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remarkable, with a 99.4% reduction. Lal (1976b) reported a 99.25% and Khera (1995) a 
92% reduction in soil loss due to straw mulch, however, these studies were on shallower 
slopes. Barton (2000) reported reductions of 90.4 and 100% with straw mulch in 1995 
and 1996, respectively, on the same plots. The fact that straw mulch was able to reduce 
soil loss on Slope III in 1998, a year which had 148 and 404 mm greater seasonal rainfall 
than 1995 and 1996, respectively, shows the suitability of this conservation measure for 
steep fragile slopes in Yunnan, especially in extreme weather conditions. 
 
In 1999, on Slope III, soil loss was reduced by both CC and CC+SM. No significant 
treatment difference was found between CC and CC+SM. This suggests that in the less 
erosive conditions of 1999, reductions in soil loss were caused by contour cultivation and 
no extra benefit was gained by the addition of straw mulch. This does not agree with 
Barton (2000) who found straw mulch reduced soil loss on this slope in 1995 and 1996 
regardless of planting direction. However, as already stated, Barton (2000) used an 
unreplicated plot design, so results could have been plot specific. On Slope III in 1999, 
the effectiveness of CC in reducing soil loss compared to D, was unexpected. Although 
there is evidence of CC effectively reducing soil loss on a 21° slope (Narayana, 1987), no 
examples of it being effective on a 27° slope were found in the literature. 
 
5.1.3 Soil Loss in Relation to Rainfall 
In tropical rainfall conditions the majority of soil loss occurs from storms of high 
intensity (Jackson, 1977). In 1998 the majority of soil loss resulted from storms with I30 > 
40 mm. The importance of short bursts of intense rainfall is also evident when 1998 is 
compared to 1999 in terms of I10. In 1998, there were five events with I10 > 50 mm hr-1 
(three of which had I10 > 70 mm hr-1) which resulted in runoff and soil loss, whereas in 
1999 there were just two (both of which had I10 < 65 mm hr-1) (Tables 4.1a,b). In 1998 
the importance of single high intensity rainstorms was seen with 22% of seasonal soil 
loss occurring from one rain event. Barton (2000) also found a large amount of soil loss 
to occur as the result of one particularly intense storm in 1995.  
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In 1998, on Slope I, multiple regression analysis showed soil loss from both D and 
CC+SM to have a significant relationship with rainfall amount and duration (Chapter 4, 
Section 4.2.3). Due to the shallowness of Slope I, a large amount of surface retention 
storage was observed before any runoff was generated. Rainfall amount was, therefore, a 
more important determinant of soil loss on this slope than on the other steeper slopes. CC 
did not show a significant relationship with any of the parameters. This was surprising 
considering that significant relationships were found with CC+SM and, over the entire 
season, both measures reduced soil loss by a similar amount.  However, it was already 
apparent from the fact that CC and CC+SM showed no significant difference in terms of 
runoff, but did in terms of soil loss, that the two conservation measures were probably 
working through different mechanisms to achieve the same result. If CC was reducing 
soil loss by trapping sediment behind the rows of maize, a direct relationship with rainfall 
amount would be difficult to determine. 
 
On Slope II in 1998, maximum rainfall intensity was more important in determining soil 
loss than it was on Slope I in the same year. For D on Slope II, maximum rainfall 
intensity would have determined whether rills were formed and, once formed, whether 
they became operational when it rained again. As already stated, rilling can increase soil 
loss considerably. Rilling is related to runoff velocity (Morgan, 1995), which, in turn, is 
related to maximum rainfall intensity as well as amount. For CC+SM on Slope II, I30 was 
the only predictor with which a significant relationship was found. However, R2 was only 
0.433. Straw mulch reduces runoff and soil loss by increasing infiltration and preventing 
surface sealing (Mannering and Meyer, 1963). It could have been the case that on Slope 
II at high rainfall intensities, CC+SM was less able to increase infiltration sufficiently to 
reduce runoff and soil loss (Plate 5.3).  
 
 192
Plate 5.3 Surface storage on a CC+SM plot on Slope II, after a particularly intense 
rainstorm (red rectangle shows ponded area) 
 
CC on Slope II in 1998 showed a stronger relationship with rainfall amount and duration 
than it did with maximum intensity. Again, as on Slope I, if the main mechanism by 
which CC was reducing soil loss was by trapping sediment behind maize rows it would 
be unlikely to be affected as greatly by maximum rainfall intensity as it would by rainfall 
amount. On Slope III, in 1998, no significant relationships were found for D or CC, 
despite R2 values being high (0.90, 0.92). This was primarily due to the fact that n was 
very low, for the number of predictors considered. In order to find a relationship more 
observations would be needed.  
 
In 1999 when rainfall amount was average, soil loss from all treatments on Slope I was 
determined to a greater extent by rainfall intensity than rainfall amount or duration. It 
therefore appears, that in a year with average seasonal rainfall for this area of Yunnan, 
soil loss would be determined, on Slope I, by rainfall intensity.  However, in conditions 
where total seasonal rainfall is greatly above average, rainfall amount is the determining 
factor. On Slope II, in 1999 rainfall intensity was the main determinant of soil loss for 
treatment D, as it was in 1998. However, IAV rather than I30 was the most important 
 193
predictor. This was unexpected, given that I30 generally has a closer correlation with 
erosivity and therefore soil loss for longer rainfall events with medium rainfall intensity 
such as those experienced in 1999 (Wischmeier and Smith, 1958). Soil loss from CC on 
Slope II in 1999 appeared to be mainly determined by rainfall amount, as it was in 1998. 
Again this was probably determined by the ponding of water behind the contour ridges, 
which only broke through to become runoff after a critical amount of rainfall. On Slope 
III in 1999 unlike 1998, a relationship was found between soil loss and maximum rainfall 
intensity and average rainfall intensity for treatment D. In 1999 the number of 
observations was twice the amount used in 1998 on Slope III.  
 
In summary, it appears that for traditional downslope cultivation on all three slopes 
rainfall intensity was the main determinant of soil loss in average rainfall conditions in 
Yunnan, but not in seasons with 200 mm greater than average rainfall. The same applies 
for contour cultivated and contour cultivated plus straw mulch plots on the 3° slope. On 
the steeper slopes, when soil conservation measures are used, the relationship between 
rainfall intensity and soil loss was more varied and less obvious. In rainstorms with a 
long duration and an average to low rainfall intensity, the kinetic energy of the rainfall 
correlates well with I30 (Wischmeier and Smith, 1958). However, in storms of short 
duration and high intensity, I30 does not correlate well with the kinetic energy of the 
rainfall. This is due to the fact that in short bursts of highly intense rain, rain-drops are 
closer together, making them more likely to collide and increase in size and, therefore, 
kinetic energy (Kowal and Kassam, 1976). Kinetic energy of rainfall estimated from I30 
for short intense storms is, therefore, likely to be an underestimate and will not reflect the 
true erosive power of the storm (Wischmeier and Smith, 1958). For this reason, EI30 
(where E is the kinetic energy of rainfall) is less likely to be an effective way of 
predicting erosivity in tropical areas as in temperate ones. This explains why I30 showed a 
stronger correlation with soil loss in 1999 than in 1998 on Slope I, as in 1998 a greater 
amount of soil loss was the result of highly intense storms of short duration. Kowal and 
Kassam (1976) measured the kinetic energy of rainfall in intense tropical storms in 
Northern Guinea. They found that the greater the rainfall amount, the greater the amount 
of large rain drops and, hence, the greater the kinetic energy of the storm. They suggested 
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that in short intense storms, rainfall amount would be a better predictor of soil loss than 
maximum rainfall intensity. The stronger correlation of rainfall amount with soil loss in 
1998 compared with 1999 supports this assertion. 
 
PI10 as a means of predicting soil loss  in Yunnan   
In Chapter 4, Tables 4.1a, b show rainfall events in 1998 and 1999 to vary more in terms 
of maximum 10 minute intensity than they do for maximum 30 minute intensity, 
suggesting that a shorter time for determining maximum intensity may be more 
appropriate in rainfall conditions in Yunnan. Lal (1976b) found a relationship between 
the product of total rainfall amount (P) and the maximum 7.5 minute rainfall intensity (I 
7.5) with soil loss (Chapter 2 Section 2.2). This relationship was discovered in Nigeria and 
was suggested to be an appropriate predictor of rainfall erosivity in tropical and sub-
tropical areas. It was decided to determine if the same relationship could be found with 
rainfall / soil loss data collected in Yunnan and to evaluate if this relationship changed 
with the two soil conservation measures used. It was not possible to accurately determine 
I7.5 from the rainfall charts used and therefore I10 was used instead, giving PI10 as opposed 
to PI7.5. Simple linear regression was used to determine the relationship between PI10 and 
soil loss for each treatment on each slope, correlations are given in Tables 5.3 and 5.4.  
 
In 1998, PI10 showed a strong correlation with soil loss for D and CC+SM on both Slopes 
I and II. The correlation was higher than that found between soil loss and rainfall amount, 
duration, Iav or I30 using multiple regression. The relationship was markedly improved for 
CC+SM, which had an R2 of 0.703 when soil loss was related to PI10 as opposed to 0.433 
when related to I30 alone (I30 being the only predictor left in the equation after stepwise 
multiple regression). Soil  loss on Slope II showed a significant correlation with  PI10 for 
CC  only, and the correlation was fairly weak. In 1999 PI10 did show a significant 
correlation with soil loss on all slopes. However, the relationships were weak and had, in 
all but one case, lower R2 values than those found with the selection of rainfall 
parameters in Chapter 4, Section 4.2.3. It, therefore, appears that PI10 would be a good 
predictor of soil loss in north-east Yunnan when seasonal rainfall was 200 mm or more 
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above the seasonal mean. However, in the seasonal rainfall conditions PI10 would not be a 
good predictor of soil loss. 
 
 
Table 5.3. The relationship between PI10 and soil loss in 1998 
Slope Treatment R2 n p 
     
I D 0.688 18 <0.001 
 CC 0.178 14 NS 
 CC+SM 0.850 12 <0.001 
     
II D 0.865 24 <0.001 
 CC 0.545 20 <0.001 
 CC+SM 0.703 19 <0.001 
     
III D 0.567 7 NS 
 CC 0.529 6 NS 
     
 
 
Table 5.4. The relationship between PI10 and soil loss 1999 
Slope Treatment R2 n P< 
     
I D 0.514 26 <0.001 
 CC 0.237 20 <0.05 
 CC+SM 0.318 17 <0.05 
     
II D 0.394 31 <0.001 
 CC 0.567 26 <0.001 
 CC+SM 0.161 24 NS 
     
III D 0.472 14 <0.01 
     
 
 
5.2 Soil Physical Properties 
 
5.2.1 Soil Dry Bulk Density 
No significant treatment effects were found on dry bulk density over either season. 
Barton (2000) found bulk density to be less under contour cultivated compared to down 
slope cultivated plots under no-tillage and conventional tillage, but not under straw 
mulch.  However, the significance of this difference could not be tested. In this study, no 
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such difference was noted, with CC plots having similar bulk densities to D plots. It is 
likely that under the regime of normal tillage and weeding operations, treatment effects 
on bulk density were lost. Franzen et al. (1986) found straw mulch to reduce soil bulk 
density after a two year period under no-tillage, but not under tillage. Despite this, some 
studies have shown mulching to lead to a decrease in bulk density and an increase in 
porosity, even when normal tillage operations are carried out (Gupta and Gupta; 1986, 
Fan Xiwu et al., 1993). However, others agree with the findings of this study and show 
mulching to have no significant effect on bulk density (Mannering and Meyer, 1963; 
Hulugalle et al., 1990; Mbagwu, 1991). Effects of the two soil conservation treatments on 
bulk density are dependent on tillage operations during the growing season. In this 
instance, the conservation measures had no significant effect on bulk density and even if 
they had had such effects, they would have been lost at the end of the season when the 
soil was tilled for the planting of wheat. During the season, the amount of disturbance 
and, therefore, compaction the plots experienced due to the measurement of parameters 
such as leaf area was probably greater than would have been experienced under normal 
agronomic condition, even though measures were taken to prevent unnecessary 
disturbance, especially when the soil was wet. In order to confirm the bulk density 
findings of this study, the experiment would have to be repeated, with the intention of 
investigating soil physical changes only and the disturbance caused by trampling, when 
other measurements were taken, eliminated. 
 
5.2.2 Soil Temperature and Moisture  
Effects of mulching on soil temperature and moisture were different in the contrasting 
weather conditions experienced in 1998 and 1999. In 1998, few treatment effects on soil 
moisture were observed, although some were found at the beginning and end of the 
season. During 1998, soil moisture did not appear to be limited at any time, although 
continuous measurements were not taken. Measurements of soil water potential showed 
soil moisture to be at field capacity during the entire season. Measurements were only 
taken every two weeks in 1998. However, the number of rain-free days in 1998 were few 
and it was unlikely that the soil dried out during these times. Soil moisture was 
significantly higher under mulched plots 23 and 122 DAS, when the canopy was either 
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underdeveloped or in decline.  Maximum Green Leaf Area was reached approximately 
100 DAS. During the rest of the season, straw mulch did not increase soil moisture. This 
was not surprising, as straw mulch retains soil moisture by reducing evaporation when 
moisture is limited (Bond and Willis, 1969), an effect which would not be seen in the wet 
conditions of 1998. Sandhu et al. (1986) also studied the effects of mulch on soil 
moisture in conditions of ample water supply and found no effect of mulching. An 
unexpected result was found 66 DAS, when unmulched plots had significantly higher soil 
moisture than mulched plots. On this occasion the day of measurement had been 
preceded by two rain-free days followed by 48.5 mm of rain falling very steadily over 
22.5 hrs (I30 = 3.6).  It is possible that the dry straw mulch absorbed rainfall under these 
circumstances, resulting in lower soil moisture than the unmulched CC plots. Under such 
low intensity rainfall, surface sealing may not have occurred on the CC plots, thereby 
maximising infiltration and resulting in high soil moisture. 
 
Soil temperature was significantly lower under the straw mulched plots on five occasions 
at the soil surface and one occasion at 5 cm depth in 1998. Soil surface temperatures gave 
an indication of the likelihood of evaporative losses from the soil surface, but gave little 
information on soil temperature in the rooting zone. The one occasion when a significant 
result was found at 5 cm depth was 9 DAS, only 3 days after the first signs of seedling 
emergence. Mean soil temperatures were 20.76 and 20.08°C for CC and CC+SM, 
respectively, 5°C greater than the 15°C threshold needed for maize seedlings to 
germinate (Waldren, 1983), but almost 6°C below the 26-30°C optimum (Fischer and 
Palmer, 1984). Although the difference between the two temperatures was just 0.68°C, it 
has been shown that, under laboratory conditions, a rise of 1°C can increase maize 
seedling growth by 20% (Walker, 1969). The temperature difference at this stage could 
then have been crucial for the development of the young seedlings. It does have to be 
noted, however, that soil temperature was measured at 1400 hrs only during this study 
and was, therefore, a measure of maximum soil temperature, rather than daily average. 
Had soil temperature been measured at sunrise, mulching may have increased rather than 
decreased soil temperature. This effect was noted by Giri and Singh (1985), who found 
mulch increased soil temperature at 10 cm depth compared to non-mulched plots at 0800 
 198
hrs, but decreased it at 1400 hrs. Stem base temperature in 1998 was affected by 
treatments 23 and 37 DAS, with CC having the highest temperature 23 DAS and CC+SM 
the highest 37 DAS. This effect could have been due to the distribution of straw mulch 
around the stem base on the two occasions. At the beginning of the season, the straw 
mulch was spread evenly over the entire plot. It was, therefore, more likely that straw 
mulch was surrounding the base of the stems at 23 DAS than 37 DAS. 
 
In 1999 there was less rainfall than in 1998 and a period of drought. This affected soil 
moisture measurements considerably. In the first three weeks after sowing, mulching 
probably increased the amount of rainfall absorbed by the dry soil, in addition to reducing 
losses from evaporation. Hulugalle et al., (1990) demonstrated how mulching with crop 
residue and weeds increased sorptivity, transmissivity and infiltration on an Ultisol in 
Nigeria and it is likely that a similar effect was being seen in this study. In week 4, when 
the drought began, CC+SM was already at an advantage, having accumulated more soil 
moisture than CC. The positive effect of straw mulch on soil water storage has been 
noted by other studies (Lal, 1974; Yunusa et al.,1994). During weeks 4, 5 and 6, 
mulching reduced the loss of soil moisture by evaporation compared with CC.  
 
The importance of mulching during drought was illustrated by the soil matric potential 
measurements, which indicated water availability to the maize seedlings as the drought 
progressed. Mulching maintained soil matric potential > -19 kPa during the first nine 
days of the drought, whereas on the unmulched plot matric potential declined rapidly and 
had reached permanent wilting point (-1000 kPa) nine days after the drought began. 
Although matric potential continued to decline under the mulched plot during the rest of 
the drought, the minimum matric potential, reached was just –380 kPa and permanent 
wilting point was not reached. This study only considered two replicates for soil matric 
potential due to a lack of equipment. However, the effects of straw mulching on soil 
water availability are pronounced and warrant further investigation. This is especially 
true as no evidence was found in the literature of soil matric potential having been 
measured in relation to mulching in south-west China. 
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In this study, soil moisture was measured at 0-6 cm depth and soil matric potential at a 10 
cm depth. Maize roots can grow vertically to a depth of 2.5 m but can also extend 
laterally for 0.5-1 m (Purseglove, 1979). Moisture conditions in the top 10 cm of soil are 
not, therefore, truly representative of soil moisture available to the plant. However, some 
studies have shown mulching to increase the amount of maize root growth in the soil 
surface layer, especially early in the season (Chaudhary and Prihar, 1974) and this extra 
growth has been linked to increased soil moisture (Allmaras and Nelson, 1971). It, 
therefore, appears that maize is particularly able to exploit the soil moisture effects 
resulting from mulching, which may explain why there are numerous studies showing 
increased growth and yield of maize due to mulching (Lal, 1974; Bansal et al., 1971; 
Mbagwu, 1991). An attempt was made in 1998 to measure root growth in mulched and 
non-mulched plots on Slope II, however, results were inconclusive and due to the time 
consuming nature of the measurements, it was decided not to repeat the procedure in 
1999. It would, however, be an interesting focus for a future study. 
 
In 1999, soil surface temperature was significantly reduced by mulching, on all occasions 
of measurement, apart from the last. The straw mulch had a greater effect on soil surface 
temperature in 1999 than 1998 for two reasons. Firstly, soil moisture was on average 
lower and lower soil moisture tends to increase soil temperatures (Landon 1991). The 
largest differences were evident when soil moisture was low between 10 and 46 DAS. 
Straw mulch was evidently shading the soil surface reducing evaporation. Secondly 
maximum air temperature was on average higher in 1999 than in 1998 (Chapter 4, 
Section 4.1). As measurements were taken at 1400 hrs, it was likely that they were taken 
when maximum air temperature occurred. However, the importance of soil moisture on 
soil surface temperature is evident from the fact that maximum soil surface temperatures 
did not coincide with maximum seasonal air temperatures, probably due to high soil 
moisture. 
 
Significant treatment effects were found on soil temperature at 5 cm depth on all 
occasions of measurement between 10 and 54 DAS. This followed the same pattern as 
treatment effects on soil moisture. However, treatment effects on 5 cm soil temperature 
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were also found 81 and 123 DAS.  As in 1998, a significant difference was found on the 
first occasion of measurement, which in 1999 was 10 DAS, 4 days after the first signs of 
seedling emergence. Mean 5 cm soil temperatures were 23.6 and 21.9°C for CC and 
CC+SM respectively, higher than in 1998, but still below the optimum temperature for 
germination (Fischer and Palmer, 1984). The difference between the treatments was 
1.7°C, which was greater than in 1998. In 1999, rate of seedling emergence was slower 
under CC+SM than under CC, although the difference was not significant. This slowing 
could have been partially due to soil temperature. In terms of maintaining soil 
temperature at the 26-30°C, optimum for seedling growth, mulching had mixed effects in 
1999. Seventeen DAS, 5 cm soil temperature for CC was just above the optimum range at 
30.4°C whereas for CC+SM it was comfortably inside the optimum at 27.8°C. On this 
occasion straw mulch had a beneficial cooling effect on soil temperature. However after 
24 DAS, the cooling effect of mulching took soil temperature out of the optimum range,  
with CC being 27.3 and CC+SM 24.4°C. For the rest of the season, the soil temperatures 
measured were < 26°C and it appeared to be the case that the lower the temperature the 
smaller the difference between CC and CC+SM.  It, therefore, appears that the significant 
effects mulching had on soil temperature at 5 cm in 1999 ranged from beneficial to 
detrimental, but were probably in the main inconsequential for seedling growth. It has to 
be noted that tropical maize varieties vary in their optimum soil temperature requirements 
and that those bred for higher altitudes often have lower optimum requirements (Fischer 
and Palmer, 1984). The cultivar used in this instance may, therefore, have had a different 
optimum range from 26-30°C. 
 
Stem base temperature in 1999 was found to be significantly lower under CC+SM than 
CC on 6 occasions. Five of these occasions occurred at the beginning to mid season and 
one at the end. The first two occasions occurred before weeding had taken place. Straw 
mulch was, therefore, still surrounding the maize stems and it was expected that 
temperatures would be lower under CC+SM. The significant results after weeding were 
more unexpected. When plants were weeded straw was removed, weeds were hoed away 
and mounded up around the maize stems (Chapter 3, Section 3.3.1). It could have been 
that the greater amount of weeds noted with straw mulch caused the mounds around 
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mulched maize stems to be surrounded by more weed mulch and less soil compared to 
the unmulched plots. This could then have lowered stem base temperature. Due to the 
number of significant stem base temperature effects noted in 1999 it was decided to 
investigate root zone / stem base temperature differences. Engels and Marschner (1996a, 
b) have shown nutrient uptake to be affected by root zone / stem base temperature 
differences.   The difference between soil temperature at 5 cm and stem base temperature 
was calculated and analysed by two-way ANOVA. On 38 and 46 DAS, the difference 
was found to be significantly greater for CC+SM than CC. On all occasions, mean stem 
base temperature was higher than 5 cm temperature. The greater difference under 
CC+SM, may have affected plants in terms of nutrient uptake on these two occasions. 
When shoot base temperature is higher than root zone temperature, translocation of Mn 
and Zn  from roots to shoots can be limited (Engels and Marschner, 1996b). However, in 
the same circumstances, translocation of N from roots to shoots is enhanced (Engels and 
Marschner 1996a). Plants growing on the mulched plots may therefore have had an 
advantage in terms of N uptake, which would have benefited them in terms of growth and 
yield. 
 
In summary mulching generally acted to increase soil moisture and decrease soil 
temperature. In 1998, mulching had limited effects on soil temperature and moisture as 
soil moisture was not limited. It is, therefore, unlikely that these effects were responsible 
for the growth and yield differences noted in this year. In 1999, mulching had a very 
positive effect on soil moisture and soil water availability, especially during a drought 
period. Effects on soil temperature in the same year were dependent on weather 
conditions, but in general mulching decreased soil temperature. The difference between 
stem base and root zone temperature caused by mulching in 1999 could have enhanced N 
uptake. It is, therefore, likely that growth and yield enhancement noted with mulching in 
1999 was due to soil moisture effects and, to a lesser extent, soil temperature effects. 
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5.3 Soil Chemical Properties 
 
Soil conservation measures used in this study had the potential to alter soil nutrient status 
in several ways, e.g. by altering amounts of nutrients lost in eroded sediments, changing 
soil physical properties and altering soil microbial activity. Specific measurements of all 
of these factors were not made and several further studies would be needed to accurately 
determine nutrient changes occurring under the three different treatments. However, 
measurements were made of seasonal changes in soil nutrient status in addition to 
measurements of nutrient loss in sediments for selected rainfall events and these will now 
be discussed. 
 
5.3.1 Total Soil Nutrients 
It has already been demonstrated that the three different treatments led to different 
amounts of soil loss, and, therefore, different amounts of soil nutrient loss. Considering 
the large differences between soil loss from the treatments in both years, it was expected 
that significant differences in total N, P and K, measured in plot soil samples, would be 
found. However, the only significant difference found was total N on Slope II at the end 
of 1998, when D had significantly lower total N than CC or CC+SM.  Slope II underwent 
more soil loss during the 1998 season than the other slopes, with D producing 
significantly more soil loss than the other two treatments. This suggests that the cause of 
D having significantly lower soil total N than CC and CC+SM, was a greater amount of 
erosion. No significant differences in total N were found between CC and CC+SM, 
showing that the conservation of soil total N was due to contour cultivation alone. Bhatia 
and Choudhary (1977), found contour cultivation to significantly reduce the depletion of 
soil total N, compared with downslope cultivation. However, they were working on a 
shallower slope (2.2%). Unfortunately, total N, P and K could not be measured on soil 
samples taken at the end of 1999, due to laboratory space not being available in China, so 
it was not possible to see if this effect was repeated in 1999. However it was found that 
by the beginning of 1999, the treatment effect on total N on Slope II had been lost, 
presumably due to the N fertiliser added during the wheat cultivation.  
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5.3.2 Available Soil Nutrients 
Available N 
Of the available nutrients measured over the two cropping seasons, significant treatment 
effects were found for N and K only. Soil available N was significantly affected by 
treatment at the end of 1998 on all slopes. On Slopes I and II significant effects were 
found between all treatments, whereas on Slope III there was a significant difference 
between CC+SM and the other two treatments only. The effect of CC on available N was 
unexpected, especially on Slope I, where no treatment effect was found on total N.  
Bhatia and Choudhary (1977) found CC to significantly increase soil available N, but this 
was accompanied by a significant increase in total N.  It could have been that under 
treatment D, on Slopes I and II, N was being leached due to the rapid generation of 
runoff, whereas for the contour cultivated treatments ponding occurred, giving more time 
for nitrate to become immobilised in the soil before runoff was generated. Adsorption of 
nitrate occurs more easily when soil particles carry a positive charge, e.g. when the soil is 
acidic (Rowell, 1996). On Slopes I and II soil was neutral, whereas on Slope III soil was 
acidic (Chapter 4, Section 4.5.1). This may explain why the same effect of CC on soil 
available N compared with D was not evident on Slope III, that is on the more acidic soil 
N was adsorbed by the soil on treatment D, despite the rapid runoff formation. In order to 
confirm this hypothesis, nitrate content of runoff water would require to be measured. 
 
On all three slopes at the end of the 1998 cropping season, CC+SM had significantly 
higher soil available N than the other treatments. This agrees with Huang (2001) who 
found a similar effect, working on soils in a nearby area of Yunnan. The effects of 
mulching on soil available N are complicated. Wheat straw is a potential additional 
source of N, however, it can take a long time to decompose. In the USA decomposing 
wheat straw was found to have lost just 17% of its total N content after 377 days (Collins 
et al., 1990). In subtropical conditions, breakdown is likely to be more rapid than this, 
although by the end of both the 1998 and 1999 cropping seasons, wheat straw on all three 
slopes was still intact. In the initial stages of decomposition, wheat straw can compete 
with the crop for soil available N. Kitou and Yoshida (1994) showed soil available N to 
be lower under mulched compared with unmulched soil 2 weeks after application but to 
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be higher 10 weeks after application. Bhardwaj and Novak (1978) also showed that N, 
added as fertiliser, was immobilised under decomposing wheat straw for the first month 
after straw was applied. It could, therefore, be that the mulching actually reduced the 
amount of soil available N in the early stages of maize growth. However, the pit planting 
method used in Yunnan (Chapter 3, Section 3.3.1) would have overcome this problem, as 
all of N fertiliser applied at planting was in the pit and not in the inter-row area, where 
most of the mulch was located. The split fertiliser application method used in this area 
was also suited to mulching, as 70% of the N fertiliser added was applied at least one 
month after straw mulch application. These subsequent applications were made between 
maize plants and not in the pit area (Chapter 3, Section 3.3.1). 
 
In 1999, straw mulch had no detectable effect on soil available N. Decomposition rates of 
straw mulch in 1999 were probably slower than in 1998 due to the drier conditions, 
therefore N release from the straw was probably less. Incorporation of straw into the soil 
surface layer would have overcome this problem (Cogle et al., 1987). However, 
incorporated mulches can be less effective as a soil conservation measure (Morgan, 
1995). For all treatments, available N increased rather than decreased in 1999, contrary to 
1998. Less soil loss and runoff occurred in 1999 and, therefore, less available N was lost. 
However, the increase in 1999 demonstrates that the maize did not take up the N fertiliser 
added and therefore, in a dry year N fertiliser applications were too high. The over 
application of N fertiliser can lead to problems, as it can encourage excessive vegetative 
growth and exhaust the soil of other nutrients (Vlek et al., 1997). It has to be kept in mind 
that the top 0-15 cm of soil only was sampled in this study. Ideally, measurements of 
available nutrients in the whole rooting zone of maize would have to be made in order to 
determine how treatments may be affecting maize growth. In the drier conditions of 1999, 
movement of N down the soil profile may have been less than in 1998, meaning that 
overall available N levels could have been similar but their location within the profile 
varied between years.  
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Available K 
Slope III had less available K than the other two slopes. Slope I had an exchangeable K 
level considered to be medium to low and Slopes II and III low (Landon, 1991). 
Significant treatment effects on soil available K were found on Slope III only when 
CC+SM had higher soil available K. However, on Slopes I and II, soil available K was 
also higher under CC+SM at the end of both cropping seasons. This suggests that 
decomposing straw was acting as a source of extra K. K is present in ionic form in plant 
material and is, therefore, released more easily during decomposition than other elements 
such as Ca (Kitou and Yoshida, 1994). Lal et al. (1980) found progressively higher levels 
of K under increasing rice straw mulch rates, suggesting that the decomposing straw was 
releasing K into the soil. Patil et al. (1993) found soil K levels to be increased under 
decomposing wheat straw and other studies using different mulch materials have found 
the same effect (Hagger et al., 1991; Kitou and Yoshida 1994). Cereal crops, such as rice, 
have been shown to take up large amounts of K from the soil, the majority of which is 
partitioned to the straw and not the grain of the plant (Vlek et al. 1997). Wheat straw, 
used as mulching material in this study, was analysed for elemental content and was 
found to have a substantial K content (Chapter 4, Section 4.9). 
 
The significantly greater available K found with CC+SM at the beginning of the 1998 
season was, presumably a carry-over effect from the 1997 season when the same 
treatments were in place on these plots. By the end of the highly erosive 1998 season, the 
treatment effect had been lost. K released from the straw may have been removed in the 
large runoff and sediment losses experienced in 1998. The limited sediment analysis 
which was carried out substantiates this theory. Significantly more K per unit of sediment 
lost, was found in sediment derived from mulched plots on two of the measurement dates  
in 1998. It could also be the case that K was leached out of the 0-15cm sampling depth. 
In 1999, significantly more available K was found under the mulched plots at the end of 
the cropping season on Slope III, showing that in the drier year, K released from the 
straw remained in the soil. These results agree with the findings of Huang (2001), who 
also showed straw mulch to increase soil available K at the end of a two year period 
compared with downslope planting in Yunnan.  Evidence of K then being taking up by 
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maize, was also found when leaf samples were analysed (Chapter 4, Section 4.9). 
Unfortunately, no samples could be taken on Slope III, due to the limited amount of 
plants. However, on Slope II, leaf samples taken from CC+SM plots showed significantly 
higher K content than treatment D in both years (32 and 77% higher in 1998 and 1999, 
respectively). The level of increase was comparable with the 43% rise in K uptake shown 
in maize as a result of wheat straw application (Tian et al., 1993).  In 1998, leaves taken 
from CC also showed significantly higher K contents than treatment D, suggesting CC 
was preventing inherent soil K from being leached. 
 
In Yunnan Province, chemical K fertiliser is rarely added to maize crops (Wu Bo Zhi 
pers. comm.). In the west of China, generally the main source of K fertiliser is manure 
(Jin Weixu 1995). Analysis of manure and straw samples from the 1999 season showed 
that straw mulch added a potential 8.75% extra K into the system. This addition could be 
very important, especially on soils with low inherent K contents such as that on Slope III. 
According to a 1995 FAO Bulletin, chemical K2O in western China is very limited and K 
is often the limiting nutrient in soils in this area (Jin Weixu, 1995). Despite this, much 
food produced in western China is exported to the east, depleting K reserves further. The 
use of crop residues as a mulch could prevent some of this depletion by returning some K 
to the soil. It has been estimated that applications of 4.5 t ha-1 of crop residue can provide 
enough K for the needs of crop growth on soils in the western area of China (Jin Weixu, 
1995). 
 
5.3.3 Nutrient Losses in Sediment Samples 
The fine sediment sample analysis showed per unit nutrient losses from the different 
treatments for two runoff events in each year. In both years, mulching significantly 
increased the per unit nutrient content of sediment, but results differed between the two 
slopes considered. Effects on Ca and K were found on Slope II, whereas effects on Zn 
and Mg were found on Slope I. However, for Ca, K and Mg, similar increases in soil 
available values were not found. This indicates that nutrients were being released from 
the straw mulch, but were then lost through erosion. In the case of K, leaf samples taken 
from Slope II, in both years, indicated that extra K was also being taken up by the crop. 
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For Ca and Mg, no evidence of crop uptake was found from the leaf analysis. In certain 
sub-groups of Red Earths, Ca and Mg tend to accumulate in the soil surface (Zhao et al., 
1990). An additional input of Ca and Mg, from straw mulch to the soil surface, may 
therefore not have been adsorbed by the soil. Again measurements of the chemical 
composition of runoff water would have to be made to confirm this. On Slope I, a 
significant treatment effect was also found on Zn. Zn is an important nutrient for maize 
growth and can be a particular problem in soils with low organic C (Kayode, 1985). 
Higher Zn, caused by the presence of straw mulch, could, therefore, be an advantage. 
Measurements of soil and fertiliser levels of Zn would have to be made to fully assess the 
situation. 
 
5.4 Treatment  Effects on Maize Growth and Yield:  Possible Causes 
The growth and yield responses, noted in this experiment, were accompanied by different 
erosion rates and changes in soil physical and chemical properties, brought about by the 
soil conservation measures. In both years, yield decreased with increasing slope angle. 
However, as already pointed out, the three slopes varied in terms of plot size, soil type 
and cultivation history as well as slope angle. It was not, therefore, surprising that crop 
productivity did not decrease with increasing erosion. Simple linear regressions between 
grain yield and soil loss showed no significant relationship on any of the slopes in 1998 
or 1999. This was as expected for two reasons; Firstly, only two seasons of data were 
considered (the experiment would probably need to be run for several tens of years to 
find an erosion/productivity relationship). Secondly, several studies have shown the 
relationship between erosion and productivity to be very difficult to define (Pimental et 
al., 1976; Pierce et al., 1983; Laflen et al., 1985; Larson 1985). That is not to say that the 
erosion rates found are not of major concern in terms of depleting the productive 
potential of the soils of the area. For just one storm in 1998, Plot 19, a downslope plot, 
lost 10400 kg ha-1 of soil which, (according sediment analysis) contained 31, 17, 22 and 
14 kg  ha-1 of Ca, K, Mg and P respectively.  
 
In a short term study such as this, yield increases were more likely to be due to the 
seasonal effects of the two conservation measures on soil physical and chemical 
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properties, than the long term effects of erosion. In 1998, there were no significant 
treatment effects on plant growth parameters or grain yield. However, on all slopes 
CC+SM produced a higher grain yield than the other treatments. In 1998, limited soil 
moisture was not an issue. Advantageous soil moisture conditions were found under 
straw mulch on two occasions only, once at the beginning of the season and once at the 
end. It therefore appears, that in the very wet conditions experienced in this year, 
moisture conservation, one of the main benefits offered by mulching, did not occur to a 
sufficient extent to benefit growth and yield. In the same year, Huang (2001) found that 
under slightly different rainfall patterns, straw mulch significantly increased  soil 
moisture at 5-10 cm depth and increased yield. 
 
In other tropical countries, yield increases have occurred with mulching when significant 
moisture effects have not (Sandhu et al., 1986). The general trend for higher yields under 
mulched plots in 1998, could have been a result of the higher available N associated with 
mulching. The fact that this lead to a trend only and not to significant yield and growth 
differences could have been due to the time at which availability increased. Maize 
responds to inputs of N at all stages of its lifecycle (Cobley, 1976), but is particularly 
responsive to inputs of N just before flowering (CTA, 1987). Soil sampling would need 
to be carried at regular intervals throughout the growing season, in order to determine the 
stage at which N was being released from mulch. Kitou and Yoshida (1994) made such 
measurements when investigating mulching effects on soybean growth and found 
increased soil available N 10 weeks after sowing. However, it is difficult to extrapolate 
these findings to a maize cultivation, as soybean is leguminous and, therefore, has a 
different relationship with soil micro-organisms and soil available N. In addition, mulch 
effects on available N will be different in different climates. 
 
Unlike 1998, significant treatment effects on crop growth were found in 1999. On Slope 
II, straw mulch significantly increased plant height. GLAI was higher under CC+SM on 
all three slopes, but significant treatment effects were only found twice on Slope II, and 
once on Slope III. Likewise GLAD was higher under CC+SM on all three slopes, but no 
significant treatment effect was found. A higher sampling rate may have revealed 
 209
significant differences. As in 1998, CC+SM produced the highest yield on all slopes, 
significantly so on Slope II compared with both of the other treatments. Percentage 
increases on this slope were considerable, being 50 and 35% compared with D and CC 
respectively. Table 5.5 shows that this is a fairly strong response, compared with yield 
increases reported in other studies. 
 
Table 5.5 Studies showing percentage yield increases following surface mulching. 
Author and year % yield increase 
Lal (1976) 47 (1st crop) 
 50 (2nd crop) 
Maurya and Lal (1980) 164 (1st crop) 
 10 (2nd crop) 
Mbagwu (1991) 80 
Aina (1981) 62 
Huang (2001) 16 
  
Barton (2000) 17 
Bansal (1971) 35% 
 
Analysis of yield components from sample plants showed a significant treatment effect 
on cob girth, but not on any other components. This was unexpected, as it was not 
accompanied by a significant effect on thousand grain weight and, therefore, did not 
explain the yield increase. Again, it could have been that the number of sample plants 
was too few.  
 
In 1999, straw mulch played a much more important role in conserving soil moisture than 
in 1998 and this was the most likely cause of the significant yield increase. As discussed 
in Section 5.2.2, straw mulch significantly increased soil moisture and soil water 
availability, especially during a drought at the beginning of the season. Other researchers 
have also attributed yield increases caused by mulching to soil moisture effects (Moody, 
et al., 1963; Bansal et al., 1971; Aina, 1981; Lal, 1998,). In 1999, day-time soil 
temperature was significantly lower under straw mulch on nearly all measurement 
occasions (Chapter 4, Section 4.3). However, any detrimental effects this may have had 
on crop growth and yield were outweighed by the positive effects mulching had on soil 
moisture. No measurements of soil temperature were made at night during this study. As 
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pointed out in Section 5.2, mulching had both positive and negative effects on soil 
temperature in regards to the optimum temperature range required for crop growth. It 
could have been the case that mulched plots maintained soil temperatures within the 
optimum range during the night, whereas unmulched plots did not. Measurements of soil 
temperature made by Huang (2001) at 1830 hrs in Yunnan, indicated that mulched soils 
lost temperature less rapidly than unmulched soils. 
 
On Slope III, the noted increase in soil available K did not significantly increase crop 
yield. No measurements of K in maize leaves could be taken on Slope III as there were 
too few plants to be able to withstand sampling. On Slope II, soil available K was not 
significantly higher with mulching at the end of the experiment at 0-15 cm depth. 
However, maize plants on the mulched plots had taken up significantly greater amounts 
of K than plants from unmulched plots, an effect which was also noted in a study in 
Malaysia, in which Capsicums were grown in mulched and non-mulched plots (Vos and 
Sumarni, 1997). Therefore, at some point in the season, available K under mulching, 
either in the soil solution or in the soil itself, was enhanced by the decomposing mulch 
and was then taken up by the crop. When soil samples were taken at the end of the 
season, the extra available K had either moved down the soil profile below 15 cm, or had 
only ever been present in soil solution and was, therefore, not detected in soil analysis or 
had been released and used up/leached earlier on in the season. 
 
In summary, yield increases were due mainly to increased soil moisture caused by 
mulching. This effect was particularly marked in 1999 when a drought period occurred. 
Mulching also increased K uptake by maize plants, which probably contributed to the 
yield but needs further investigation. 
 
5.5 Implications for Yunnan Province 
Yunnan is a major maize producing area in China (Yunnan Provincial Government 
1995). It is also ranked 5th in terms of Chinese provinces with serious soil erosion 
problems (Chen and Zang, 2000). This research work has shown that up and downslope 
maize cultivation results in excessive soil erosion. The detrimental effect of up and 
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downslope cultivation in China was noted as long ago as the 1930s (Thorp 1936), yet it is 
still the main maize cultivation technique used in Yunnan today (Wu Bo Zhi pers. 
comm.). This research work has shown that straw mulch, in combination with contour 
cultivation, has the potential to reduce soil loss, increase crop productivity and conserve 
soil nutrients on moderate to steeply sloping land in Yunnan. This has major implications 
for the reduction of soil erosion within the Province. In other Chinese provinces, 
researchers have advocated land management systems which reforest sloping land, taking 
them out of agricultural production (Yuan Congyi et al., 1994). However, this is not a 
viable option for Yunnan, where 70% of cultivated land is located on hilly land (Wu and 
Liu 1996). In addition, Yunnan has an increasing population (40.41 million in 1996) 
which places ever increasing demands on food production (Yunnan Provincial 
Government, 1996).  
 
It is, therefore, apparent that the problem of soil erosion in Yunnan Province needs to be 
addressed through changes in cultivation techniques. Kuhnt (1994), after carrying out 
rainfall simulator experiments throughout south-west China, concluded that the majority 
of soil erosion problems in the region could be adequately controlled by changing 
cultivation methods. He also pointed to the fact that soil conservation agencies, working 
in south-west China, placed a disproportionate emphasis on using construction work to 
prevent erosion on severely sloping land, whilst sloping cultivated land, which was 
responsible for most soil loss, was often ignored.  
 
Cultivating on the contour with the use of straw as a surface mulch, offers a plausible 
means of addressing soil erosion problems in Yunnan, without having a detrimental effect 
on crop productivity. The wide-scale adoption of a new cultivation technique in Yunnan 
would not, however, be problem-free. According to the Yunnan Poverty Assistance 
Office (1995), 70% of cultivated fields throughout the Province are managed badly, with 
no regard for soil conservation. This is partly due to a history of ever changing ownership 
and, therefore, responsibility for the land. From 1958-1983 annual crops belonged to 
Yunnan farmers, however the land itself belonged to the state (Guo and Paddoch 1995). 
Today responsibility for land (although not ownership) is allocated to individual 
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householders, who may be easier to persuade of the value of conserving it. As with any 
agricultural soil conservation project, the ultimate success will depend on extension 
workers and local soil conservation agencies. The results of this research work will be 
disseminated to such workers and agencies at a workshop to be held at Yunnan 
Agricultural University, in August 2002. 
 
5.6 Conclusions and Recommendations 
The aim of this study was to determine if contour cultivation and contour cultivation plus 
straw mulch decrease runoff and soil loss on sloping red soils in Yunnan Province, China, 
and to determine the impact they have on maize productivity and soil nutrient status. The 
following conclusions can be drawn from the research work. 
 
Runoff and Soil Loss  
• The traditional method of maize cultivation used in Yunnan province is to plant up 
and down the slope. This method can lead to high erosion rates.  
• On a 3° slope, cultivating on the contour and cultivating on the contour using straw as 
a surface mulch does not significantly reduce runoff amount. Both methods can, 
however, reduce soil loss to a similar degree in a year with greater than average 
rainfall, but not in a year with average rainfall.  
• On a 10° slope, in greater than average rainfall conditions, contour cultivation can 
significantly reduce runoff and the addition of straw mulch can offer a further 
significant reduction. In years of average and greater than average rainfall, contour 
cultivation and contour cultivation plus straw mulch both reduce soil loss to a similar 
extent, compared with downslope cultivation. However, there is a trend for contour 
cultivation plus straw mulch to reduce soil loss more effectively than contour 
cultivation alone on this slope, despite the lack of significant results. A greater level 
of replication would be needed to confirm this. 
• On a 27° slope in a year with greater than average rainfall, contour cultivation alone 
did not prevent runoff or soil loss from occurring. In the same conditions, contour 
cultivation plus straw mulch did reduce both runoff and soil loss by almost 100%.  In 
average rainfall conditions, contour cultivation and contour cultivation plus straw 
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mulch both reduced runoff and soil loss to the same extent. However, the fact that 
less runoff and soil loss occurred from the downslope treatment in 1998 than in 1999 
suggests that in the torrential rains experienced in 1998, runoff generated from the 
downslope plots could have flowed over the plot dividers into the neighbouring CC 
collectors. Although no evidence of this was actually seen it would explain the lower 
D values in 1998 than 1999. Therefore, on the 27°, in greater than average rainfall 
conditions the effectiveness of  CC as a soil conservation measure may have been 
underestimated. 
 
Crop Productivity 
• Straw mulch has a positive effect on maize growth and yield, especially in conditions 
of limited water. During such times, it can significantly increase soil moisture 
compared to non-mulched treatments and increase soil water availability.  
 
 
Soil Nutrient Status 
• This study was too short to demonstrate many of the changes in soil nutrient status  
associated with using straw as a surface mulch. However, mulching was shown to 
have beneficial effects on soil available N and K. The positive effect on soil available 
K is particularly important as soils on all slopes had low inherent soil K, which may 
have restricted maize growth. In the wheat / maize rotation, commonly used in this 
area of Yunnan, using the wheat straw as a surface mulch may provide a means of 
recycling K removed from the soil by the wheat crop. This study suggest that 
additional K supplied by the straw mulch is then taken up by the following maize 
crop.  
• Mulching with wheat straw is also likely to increase soil organic matter and improve 
soil structure, in the long term. 
 
Recommendations 
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- It is, therefore, recommended that on slopes of ≤ 3°, contour cultivation be used as a 
soil conservation measure. Adding straw mulch does not offer any extra protection 
against soil loss on a 3° slope and the extra cost and labour involved cannot therefore 
be justified in terms of soil conservation alone. The use of straw mulch would, 
however, benefit soil moisture and nutrient status and could, therefore, lead to 
improvements in crop yield. Mulching could, therefore, be recommended on slopes ≤ 
3° on the grounds of improving soil moisture, nutrients and possibly crop yields only. 
However, it would be have to be kept in mind that in conditions of greater than 
average rainfall, these advantages would probably be lost. 
 
- Recommendations for a 10° are the same as for a 3° slope, that contour cultivation be 
used as a soil conservation measure, and that straw mulch offers no extra protection in 
terms of soil conservation. However, on the particular 10° slope used in this study, 
the significant yield increases found with straw mulching strongly advocate the use of 
straw mulch. This slope was nutrient poor, having been artificially created and 
consequently comprising of sub-soil mixed with top-soil. The yield effects found with  
straw mulch on this slope show how mulching has the potential to be particularly 
effective at improving crop yields on nutrient poor, eroded soils. 
 
- On slopes of ≥ 27° it is recommended that contour cultivation plus straw mulch be 
used as a soil conservation measure to ensure maximum soil conservation in all 
rainfall conditions. As on the other slopes, mulching is also recommended as a means 
of conserving soil moisture and nutrients. 
 
 
5.7 Limitations to the Current Study 
 
Carrying out research work in another country will always involve a number of logistical 
problems. This is especially true if field work has to be executed within a limited time-
frame (in this case two 6 month sessions). This study was no exception and involved 
several limitations, which would need to be addressed if the work was to be repeated. 
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 1) The runoff plots used in this study were limited in size, particularly in length. The 
standard recommended size for runoff plots is 22 m long and 1.8 m wide (Morgan, 
1995), considerably larger than the plots used in this study. Unfortunately, when the 
plots were built in 1992, land was limited and it was not possible to build larger ones. 
 
2) The three slopes varied in terms of history and plot size. It was inappropriate to 
compare them with each other statistically. Therefore, the effects of slope angle on 
runoff, soil loss and maize productivity had to be qualitatively, rather than 
quantitatively, examined. 
 
3) The layout of treatments within the slopes was determined before the investigation 
began, not by the author. Although treatments had been blocked, it was later 
discovered that the blocking did not account for the environmental gradients which 
existed across the experimental plot. Ideally all plots should have been sown with 
maize using traditional planting methods for one year prior to the start of the 
experiment in order to determine environmental gradients and edge effects. However, 
this was not possible. 
 
4) Although the study was replicated, the number of replicates was low. Ideally to 
perform an ANOVA, a minimum of 5 replicates is desirable. Problems with the level 
of replication can be seen when it is considered that on both Slopes I and II, two of 
the three CC+SM plots were on the end of the rows of plots. Therefore, on both of 
these slopes, CC+SM was subjected to a greater amount of edge effect than the other 
two treatments. This could explain many of the near significant trends found. If the 
experiment was repeated, fewer treatments and a greater number of replicates or a 
greater total number of plots should be used. 
 
5) Due to the nature of carrying out research work as part of a Ph.D., only two years of 
data could be collected for this study. In terms of erosion processes, this is very short. 
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The experiment would need to be carried out for several years, possibly tens of years, 
in order to determine the long term effects of the soil conservation measures. 
 
6) The runoff plots had been much improved since measurements were taken by Barton 
in 1995 and 1996 (Barton 2000). However, they could have been improved further. 
This became apparent when collectors on Slope II began leaking, leading to runoff 
data for 1999 for this slope having to be disregarded. In addition, plots were separated 
by earth bunds. Overflow from one plot to another did not occur, however, metal or 
wooden barriers would have been more substantial in the long term. 
 
7) Facilities for the analysis of fresh soil samples were not available at Yunnan 
Agricultural University. Therefore, N analysis had to be carried out on air-dried 
samples. 
 
8) The number of sample plants which could be taken at harvest time was limited by 
laboratory space and labour needed to take the measurements. Once taken, plants had 
to be measured and dried as quickly as possible, before they were damaged by mould 
or rats in the laboratory. The number of sample plants taken in 1999 was greater than 
in 1998, however as significant effects on yield components were not found it is 
likely that a greater number of samples should have been taken. 
 
 
5.8 Future Work 
 
This study covered a broad range of issues, many of which demand to be investigated  in 
more detail. Below are some recommendations for further investigations which would 
answer some of the questions, raised by the findings of this study. 
 
1) This study has shown contour cultivation and contour cultivation plus straw mulch to 
reduce runoff and soil loss. To a limited extent in this study, the mechanisms by 
which this reduction occurred were explored. A further investigation should be 
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targeted at exploring these mechanisms further. This should include measurements of 
surface crusting under D, CC and CC+SM, measurements of infiltration using an 
appropriate technique for sloping land and measurements of raindrop kinetic energy. 
A simple experiment to determine the amount of rainfall absorbed by the mulch itself 
could also be carried out, by weighing straw before and after rainfall. 
 
2) The study has shown straw mulch to have beneficial effects on soil moisture at the 0-
6 cm depth. The effect of mulching on the entire soil profile should be measured in 
order to determine the true influence on the crop. Such measurements will be taken in 
the 2001 cropping season by a researcher working in Wang Jia, a catchment in north-
east Yunnan. 
 
3) In relation to number 2), it would be interesting to investigate the effects of mulching 
on maize root growth within the profile and examine how this relates to soil moisture. 
In 1998, some measurements of root growth in the soil surface were made. However, 
results were inconclusive and the time-consuming nature of the work meant it 
warranted an investigation of its own. Maize root growth also appeared to be heavily 
influenced by slope angle and the pit planting method. An investigation into the 
effects of mulching on root growth should also incorporate slope and planting method 
interactions. An investigation should also be set up to determine if the contour 
planting method used in Yunnan encourages maize root growth across the slope 
between plants, as opposed to down the slope between rows. If such an effect 
occurred, this would enhance the soil and water conserving properties of contour 
cultivation. 
 
4) Limited measurements of soil water potential were made in this study but quite 
dramatic effects were found. A replicated study, considering the effects of straw 
mulch on soil water potential at different depths in the soil profile should be carried 
out. This, however, would be very costly, if the same type of equipment was used. 
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5) No treatment effects were found on bulk density in this investigation and this was 
possibly due to the level of disturbance caused when field measurements were taken. 
In order to identify treatment effects on bulk density as they would occur in the 
farmers field, the experiment should be repeated, omitting other measurements. 
Compaction from trampling would then occur at times of weeding and fertilising 
only. 
 
6) An experiment should be set up to determine nutrient changes in the soil during the 
entire cropping season. Soil samples could be taken at regular intervals throughout the 
season to determine nutrient availability to the crop at different growth stages. 
 
7) A further investigation into the release of nutrients from decomposing wheat straw in 
the climatic conditions in Yunnan should be carried out. This study has shown 
enhanced available soil K and K uptake by maize plants under wheat straw. An 
investigation of nutrient release from mulch during a cropping season would help to 
clarify the significance of this release for maize growth. 
 
8) It would be interesting to repeat the investigation concentrating on nutrient losses 
from runoff and erosion. Measurements of nutrient loss in runoff water, sediment and 
soil could be made and a preliminary nutrient budget devised. Although this would be 
fairly difficult to do accurately, it would give valuable information concerning 
nutrient losses versus inputs in the area. 
 
9) Analysis of soil on all three slopes found K levels to be low and as already discussed, 
straw mulch appeared to offer a potential source of K. An investigation could be 
carried out, where inputs of chemical K were made to the soil. Inputs could be at a 
similar level to the amounts released from decomposing straw mulch. This would 
separate the effects of additional inputs of K on maize growth from other mulching 
effects. 
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10) The benefits of contour cultivation and mulching the soil surface with straw on soil 
conservation and crop yield have been illustrated in this study. However, these 
techniques are unlikely to be implemented unless they can be proven to be 
economically viable in the long and short term. It is, therefore, of great importance 
that the costs and benefits of these two conservation measures be fully investigated. 
This should include input costs, in terms of raw material and labour costs (e.g. extra 
work hours required and when they are required, is labour taken away from other 
more profitable activities ?). It should also include output costs (e.g. the extra income 
to be gained from yield increases). The analysis would also have to account for the 
cost of nutrient losses and general soil degradation caused by erosion. Huang (2001) 
carried out a limited cost-benefit analysis in terms of monetary inputs and outputs, 
which found contour cultivation and mulching to be economically viable. However, 
this did not include costs of labour inputs or the ‘cost’ of soil erosion.  
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Appendix 1. Soil loss on a storm-by-storm basis in 1998
Date 6/3/1998 6/10/1998 6/17/1998 6/21/1998 6/25/1998 6/28/1998 6/29/1998 6/30/1998 2/7/98A 2/7/98b 7/3/1998 7/4/1998 7/5/1998
plot no soil loss kg/plot
1 0.000 0.036 0.009 0.292 0.040 0.000 0.000 0.000 0.000 0.000 5.142 0.000 0.283
2 0.000 0.062 0.041 0.433 0.055 0.000 0.000 0.000 0.020 0.000 0.218 0.000 0.040
3 0.000 0.062 0.000 0.092 0.062 0.000 0.000 0.000 0.059 0.000 0.218 0.000 0.054
4 0.000 0.019 0.016 0.573 0.100 0.000 0.000 0.000 0.031 0.000 0.696 0.000 0.155
5 0.000 0.000 0.000 0.010 0.000 0.000 0.000 0.000 0.000 0.000 0.116 0.000 0.009
6 0.000 0.000 0.000 0.063 0.004 0.000 0.000 0.000 0.000 0.000 0.079 0.000 0.016
7 0.000 0.015 0.000 0.061 0.190 0.000 0.000 0.000 0.000 0.000 2.360 0.000 0.169
8 0.000 0.000 0.014 0.145 0.091 0.000 0.000 0.018 0.010 0.000 0.101 0.000 0.033
9 0.000 0.351 0.121 0.366 0.192 0.068 0.000 0.015 0.046 0.000 5.983 0.227 0.547
10 0.000 0.029 0.068 1.610 2.828 0.176 0.112 0.100 0.159 0.138 12.330 0.115 1.273
11 0.030 0.072 0.019 5.479 1.586 0.174 0.124 0.262 0.209 0.088 27.127 0.043 5.295
12 0.013 0.024 0.000 1.945 0.088 0.011 0.000 0.035 0.049 0.000 13.917 0.000 0.255
13 0.000 0.011 0.000 0.133 0.058 0.018 0.000 0.029 0.019 0.000 0.691 0.000 0.111
14 0.057 0.058 0.000 0.988 0.915 0.072 0.000 0.061 0.054 0.000 20.183 0.046 1.857
15 0.012 0.016 0.014 0.070 0.055 0.000 0.000 0.032 0.020 0.000 0.310 0.000 0.578
16 0.010 0.021 0.000 0.121 0.078 0.000 0.000 0.000 0.013 0.000 0.228 0.000 0.048
17 0.082 0.044 0.065 0.549 0.059 0.045 0.000 0.115 0.062 0.061 17.227 0.041 0.411
18 0.000 0.009 0.000 0.503 0.166 0.000 0.000 0.000 0.014 0.000 2.618 0.087 0.554
19 0.017 0.052 0.015 0.881 1.413 0.223 0.060 0.252 0.163 0.053 7.632 0.126 2.687
20 0.061 0.075 0.027 1.225 3.847 0.297 0.155 0.306 1.979 0.125 52.129 0.235 1.553
21 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
22 0.000 0.000 0.000 0.145 0.000 0.000 0.000 0.000 0.000 0.000 1.516 0.000 0.090
23 0.000 0.000 0.000 0.067 0.000 0.000 0.000 0.000 0.000 0.000 2.622 0.000 0.158
24 0.000 0.000 0.000 0.198 0.000 0.000 0.000 0.000 0.000 0.000 3.392 0.000 0.089
25 0.000 0.000 0.000 0.119 0.000 0.000 0.000 0.000 0.000 0.000 3.768 0.000 0.235
26 0.000 0.000 0.000 0.100 0.000 0.000 0.000 0.000 0.000 0.000 6.775 0.000 0.151
27 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
28 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.036 0.000 0.000
29 0.000 0.000 0.000 0.120 0.000 0.000 0.000 0.000 0.000 0.000 4.007 0.000 1.085
30 0.000 0.071 0.000 0.637 0.341 1.009 0.000 0.177 0.068 0.000 11.818 0.000 1.154
250
Soil loss g/m2
6/3/1998 6/10/1998 6/17/1998 6/21/1998 6/25/1998 6/28/1998 6/29/1998 6/30/1998 2/7/98A 2/7/98b 7/3/1998 7/4/1998 7/5/1998
1 0.00 1.49 0.37 12.16 1.65 0.00 0.00 0.00 0.00 0.00 214.24 0.00 11.78
2 0.00 2.57 1.70 18.05 2.27 0.00 0.00 0.00 0.85 0.00 9.08 0.00 1.66
3 0.00 2.59 0.00 3.83 2.57 0.00 0.00 0.00 2.47 0.00 9.09 0.00 2.27
4 0.00 0.78 0.66 23.87 4.17 0.00 0.00 0.00 1.29 0.00 29.00 0.00 6.45
5 0.00 0.00 0.00 0.41 0.00 0.00 0.00 0.00 0.00 0.00 4.84 0.00 0.36
6 0.00 0.00 0.00 2.61 0.18 0.00 0.00 0.00 0.00 0.00 3.29 0.00 0.65
7 0.00 0.63 0.00 2.56 7.92 0.00 0.00 0.00 0.00 0.00 98.34 0.00 7.06
8 0.00 0.00 0.59 6.05 3.78 0.00 0.00 0.73 0.40 0.00 4.20 0.00 1.36
9 0.00 14.62 5.06 15.25 8.01 2.85 0.00 0.61 1.93 0.00 249.27 9.46 22.80
10 0.00 1.19 2.83 67.09 117.82 7.33 4.66 4.15 6.63 5.74 513.75 4.80 53.05
11 1.25 3.01 0.78 228.30 66.09 7.25 5.17 10.92 8.73 3.68 1130.28 1.78 220.61
12 0.54 1.01 0.00 81.04 3.66 0.44 0.00 1.47 2.03 0.00 579.85 0.00 10.62
13 0.00 0.45 0.00 5.54 2.41 0.74 0.00 1.19 0.79 0.00 28.77 0.00 4.62
14 2.36 2.42 0.00 41.16 38.14 3.00 0.00 2.53 2.23 0.00 840.95 1.93 77.39
15 0.48 0.66 0.59 2.90 2.29 0.00 0.00 1.34 0.81 0.00 12.92 0.00 24.08
16 0.42 0.87 0.00 5.04 3.24 0.00 0.00 0.00 0.56 0.00 9.49 0.00 1.99
17 3.40 1.85 2.71 22.86 2.44 1.89 0.00 4.79 2.58 2.54 717.79 1.70 17.11
18 0.00 0.39 0.00 20.96 6.90 0.00 0.00 0.00 0.58 0.00 109.09 3.60 23.10
19 0.69 2.19 0.61 36.73 58.86 9.30 2.49 10.49 6.81 2.19 317.98 5.24 111.95
20 2.53 3.13 1.12 51.04 160.30 12.39 6.44 12.75 82.44 5.21 2172.06 9.79 64.70
21 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
22 0.00 0.00 0.00 20.21 0.00 0.00 0.00 0.00 0.00 0.00 210.56 0.00 12.48
23 0.00 0.00 0.00 9.33 0.00 0.00 0.00 0.00 0.00 0.00 364.12 0.00 21.97
24 0.00 0.00 0.00 27.50 0.00 0.00 0.00 0.00 0.00 0.00 471.18 0.00 12.37
25 0.00 0.00 0.00 16.50 0.00 0.00 0.00 0.00 0.00 0.00 523.34 0.00 32.60
26 0.00 0.00 0.00 13.90 0.00 0.00 0.00 0.00 0.00 0.00 940.95 0.00 20.96
27 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
28 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 5.05 0.00 0.00
29 0.00 0.00 0.00 16.67 0.00 0.00 0.00 0.00 0.00 0.00 556.59 0.00 150.68
30 0.00 9.92 0.00 88.52 47.41 140.18 0.00 24.55 9.43 0.00 1641.38 0.00 160.31
250
Date
plot no
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
Appendix 1. (continued) Soil loss on a storm-by-storm basis in 1998
7/10/1998 7/11/1998 7/12/1998 7/16/1998 7/17/1998 7/18/1998 7/24/1998 7/27/1998 8/4/1998 8/5/1998 8/8/1998 8/11/1998 8/13/1998
soil loss kg/plot
0.031 0.000 0.000 0.000 0.000 0.229 0.000 0.844 0.000 0.012 0.168 0.000 0.082
0.024 0.000 0.000 0.000 0.000 0.026 0.000 0.455 0.000 0.000 0.000 0.000 0.000
0.034 0.000 0.000 0.000 0.000 0.120 0.028 0.242 0.000 0.000 0.034 0.000 0.052
0.044 0.000 0.000 0.000 0.000 0.102 0.000 0.354 0.000 0.000 0.000 0.000 0.035
0.000 0.000 0.000 0.000 0.000 0.006 0.000 0.027 0.000 0.000 0.000 0.000 0.000
0.007 0.000 0.000 0.000 0.000 0.039 0.016 0.025 0.000 0.000 0.000 0.000 0.015
0.000 0.000 0.000 0.000 0.000 0.152 0.000 0.314 0.000 0.000 0.024 0.000 0.009
0.012 0.000 0.000 0.000 0.000 0.022 0.014 0.036 0.000 0.000 0.023 0.000 0.056
0.070 0.009 0.000 0.000 0.123 0.210 0.037 2.784 0.000 0.021 0.071 0.000 0.060
0.211 0.015 0.179 0.035 0.117 10.484 0.240 9.116 0.083 0.056 1.595 0.000 1.785
2.293 0.022 0.044 0.303 0.495 1.179 0.461 10.484 0.191 0.096 1.540 0.000 0.276
0.085 0.528 0.043 0.064 0.134 1.862 0.070 0.739 0.039 0.031 0.298 0.000 0.020
0.020 0.013 0.029 0.000 0.036 0.129 0.050 0.315 0.013 0.031 0.062 0.000 0.094
0.071 0.361 0.030 0.000 0.098 3.281 0.156 1.138 0.016 0.035 2.092 0.000 0.083
0.020 0.084 0.006 0.000 0.015 0.061 0.066 0.136 0.015 0.011 0.023 0.000 0.040
0.055 0.000 0.038 0.000 0.007 0.104 0.016 0.307 0.058 0.035 0.635 0.000 0.087
2.440 0.027 0.362 0.000 0.050 6.357 0.033 1.216 0.112 0.080 0.309 0.000 0.208
0.121 0.011 0.225 0.000 0.027 0.278 0.019 0.351 0.024 0.000 0.153 0.000 0.121
0.942 0.029 0.532 0.103 0.103 2.284 0.081 24.897 0.258 2.247 0.377 0.040 0.481
0.210 0.031 1.599 0.088 0.586 15.143 0.230 68.949 0.208 0.187 15.655 0.035 4.316
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.350 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.257 0.000 0.861 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.106 0.000 0.351 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.769 0.000 0.000 0.057 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.028 0.000 0.274 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.051 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.094 0.000 0.428 0.000 0.000 0.050 0.000 0.034
0.011 0.000 0.000 0.000 0.000 3.327 0.048 3.778 0.000 0.082 1.274 0.000 0.882
250
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
Soil loss g/m2
7/10/1998 7/11/1998 7/12/1998 7/16/1998 7/17/1998 7/18/1998 7/24/1998 7/27/1998 8/4/1998 8/5/1998 8/8/1998 8/11/1998 8/13/1998
1.31 0.00 0.00 0.00 0.00 9.56 0.00 35.15 0.00 0.52 7.01 0.00 3.40
1.00 0.00 0.00 0.00 0.00 1.10 0.00 18.94 0.00 0.00 0.00 0.00 0.00
1.44 0.00 0.00 0.00 0.00 5.01 1.16 10.08 0.00 0.00 1.40 0.00 2.15
1.83 0.00 0.00 0.00 0.00 4.27 0.00 14.74 0.00 0.00 0.00 0.00 1.48
0.00 0.00 0.00 0.00 0.00 0.24 0.00 1.11 0.00 0.00 0.00 0.00 0.00
0.29 0.00 0.00 0.00 0.00 1.61 0.65 1.05 0.00 0.00 0.00 0.00 0.62
0.00 0.00 0.00 0.00 0.00 6.34 0.00 13.08 0.00 0.00 1.01 0.00 0.37
0.52 0.00 0.00 0.00 0.00 0.93 0.60 1.52 0.00 0.00 0.98 0.00 2.34
2.91 0.36 0.00 0.00 5.14 8.74 1.54 115.99 0.00 0.88 2.98 0.00 2.50
8.78 0.62 7.48 1.45 4.87 436.84 10.01 379.83 3.46 2.34 66.44 0.00 74.37
95.53 0.92 1.85 12.63 20.63 49.14 19.21 436.83 7.97 4.00 64.17 0.00 11.49
3.53 21.98 1.80 2.65 5.59 77.59 2.91 30.78 1.64 1.28 12.41 0.00 0.83
0.85 0.56 1.21 0.00 1.50 5.38 2.08 13.14 0.54 1.30 2.57 0.00 3.94
2.95 15.03 1.26 0.00 4.09 136.72 6.49 47.40 0.68 1.45 87.16 0.00 3.46
0.83 3.50 0.24 0.00 0.61 2.54 2.74 5.69 0.63 0.47 0.97 0.00 1.68
2.30 0.00 1.59 0.00 0.27 4.32 0.68 12.80 2.42 1.46 26.46 0.00 3.61
101.66 1.13 15.08 0.00 2.08 264.87 1.40 50.67 4.65 3.33 12.87 0.00 8.65
5.05 0.44 9.36 0.00 1.14 11.59 0.79 14.65 0.99 0.00 6.39 0.00 5.06
39.26 1.19 22.18 4.27 4.30 95.18 3.36 1037.38 10.74 93.62 15.71 1.66 20.04
8.76 1.31 66.64 3.68 24.43 630.94 9.60 2872.86 8.66 7.78 652.29 1.46 179.85
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 48.66 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 35.73 0.00 119.65 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 14.76 0.00 48.81 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 106.85 0.00 0.00 7.98 0.00 0.00
0.00 0.00 0.00 0.00 0.00 3.85 0.00 38.05 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 7.10 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 13.12 0.00 59.43 0.00 0.00 6.90 0.00 4.69
1.54 0.00 0.00 0.00 0.00 462.15 6.66 524.68 0.00 11.34 176.98 0.00 122.55
250
Date
plot no
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
Appendix 1. (continued) Soil loss on a storm-by-storm a basis 1998
8/16/1998 8/17/1998 8/18/1998 8/28/1998 9/5/1998 9/19/1998
soil loss kg/plot
0.090 0.069 0.007 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000
0.010 0.012 0.000 0.000 0.000 0.000
0.059 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.005 0.000 0.000 0.000 0.000
0.131 0.024 0.000 0.000 0.000 0.000
6.162 0.787 0.202 0.349 0.046 0.431
0.243 0.215 0.049 0.145 0.018 0.000
0.034 0.062 0.000 0.012 0.002 0.000
19.688 0.012 0.000 0.009 0.007 0.000
0.054 0.026 0.000 0.025 0.005 0.000
0.022 0.021 0.000 0.025 0.000 0.000
0.073 0.048 0.040 0.010 0.006 0.000
0.775 0.429 0.096 0.064 0.019 0.000
0.125 0.072 0.030 0.024 0.000 0.000
0.980 0.390 0.188 0.154 0.027 0.024
14.161 2.677 0.486 0.440 1.296 1.554
0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000
0.033 0.020 0.000 0.000 0.000 0.000
0.010 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000
0.137 0.027 0.000 0.000 0.000 0.000
4.257 0.972 0.114 0.953 0.028 0.247
250
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
Soil loss g/m2
8/16/1998 8/17/1998 8/18/1998 8/28/1998 9/5/1998 9/19/1998
3.73 2.86 0.28 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00
0.43 0.51 0.00 0.00 0.00 0.00
2.46 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.23 0.00 0.00 0.00 0.00
5.45 1.00 0.00 0.00 0.00 0.00
256.75 32.78 8.43 14.53 1.92 17.96
10.10 8.94 2.06 6.06 0.76 0.00
1.41 2.56 0.00 0.51 0.07 0.00
820.33 0.50 0.00 0.36 0.28 0.00
2.27 1.06 0.00 1.04 0.21 0.00
0.93 0.90 0.00 1.05 0.00 0.00
3.05 2.00 1.68 0.40 0.23 0.00
32.31 17.87 4.01 2.66 0.80 0.00
5.20 3.00 1.23 1.02 0.00 0.00
40.85 16.26 7.82 6.41 1.14 0.98
590.06 111.52 20.25 18.33 54.00 64.74
0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00
4.52 2.78 0.00 0.00 0.00 0.00
1.33 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00
19.01 3.73 0.00 0.00 0.00 0.00
591.25 135.07 15.88 132.37 3.88 34.25
250
Appendix 2. Soil loss on a storm-by-storm basis in 1999
Date 29/5/99 am 29/5/99 pm 6/10/1999 7/2/1999 7/3/1999 7/9/1999 7/10/1999 7/11/1999 7/12/1999 7/16/1999 16/7/99 -pm 7/18/1999 7/20/1999
plot no soil loss kg / plot
1 0.000 0.000 0.000 0.000 0.000 0.085 0.000 0.000 0.000 0.000 0.076 0.000 0.000
2 0.000 0.000 0.000 0.000 0.000 0.036 0.000 0.000 0.000 0.000 0.042 0.000 0.000
3 0.000 0.000 0.000 0.000 0.000 0.034 0.000 0.000 0.000 0.020 0.124 0.000 0.089
4 0.000 0.000 0.083 0.000 0.000 0.062 0.000 0.000 0.007 0.000 0.046 0.000 0.000
5 0.000 0.000 0.000 0.000 0.000 0.030 0.000 0.000 0.000 0.000 0.006 0.000 0.000
6 0.000 0.000 0.000 0.000 0.000 0.016 0.000 0.068 0.000 0.000 0.042 0.000 0.000
7 0.000 0.000 0.000 0.000 0.000 0.073 0.000 0.004 0.000 0.000 0.084 0.000 0.000
8 0.000 0.027 0.098 0.000 0.000 0.052 0.003 0.004 0.003 0.013 0.024 0.000 0.000
9 0.000 0.081 0.139 0.000 0.061 0.069 0.055 0.000 0.131 0.099 0.252 0.006 0.016
10 0.000 0.036 0.100 0.000 0.019 0.093 0.046 0.010 0.063 0.023 0.594 0.025 3.755
11 0.141 0.065 0.077 0.000 0.604 1.787 0.145 0.000 0.315 0.058 6.117 0.054 8.560
12 0.000 0.039 0.175 0.000 0.018 0.226 0.008 0.000 0.038 0.024 0.092 0.004 0.005
13 0.000 0.016 0.322 0.000 0.009 0.121 0.004 0.000 0.002 0.014 0.055 0.000 0.000
14 0.000 0.055 0.057 0.000 0.087 0.093 0.046 0.000 0.053 0.021 0.219 0.000 0.015
15 0.021 0.030 0.076 0.000 0.060 0.079 0.006 0.000 0.053 0.007 0.056 0.000 0.008
16 0.000 0.040 0.071 0.000 0.007 0.019 0.007 0.000 0.015 0.004 0.040 0.000 0.006
17 0.000 0.033 0.039 0.000 0.603 3.165 0.091 0.000 0.160 0.128 4.264 0.000 0.726
18 0.000 0.049 0.041 0.000 0.191 0.297 0.008 0.000 0.060 0.017 0.250 0.000 0.089
19 0.066 0.145 0.132 0.095 0.305 2.452 0.103 0.004 0.162 0.041 1.694 0.060 0.223
20 0.087 0.164 0.167 0.112 0.587 4.352 0.376 0.012 0.952 0.135 15.265 0.265 2.455
21 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
22 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
23 0.000 0.000 0.000 0.000 0.000 0.714 0.000 0.000 0.000 0.000 0.851 0.000 0.000
24 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
25 0.000 0.000 0.000 0.000 0.000 0.973 0.000 0.000 0.000 0.000 0.146 0.000 0.000
26 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
27 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
28 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
29 0.000 0.029 0.094 0.000 0.000 1.254 0.000 0.000 0.000 0.000 2.444 0.000 0.000
30 0.109 1.186 0.471 0.008 0.234 6.847 0.018 0.000 0.044 0.065 8.570 0.000 0.864
254
Soil loss g / m2
plot no 29/5 am 29/5 pm 6/10/1999 7/2/1999 7/3/1999 7/9/1999 7/10/1999 7/11/1999 7/12/1999 7/16/1999 16/7/99 -PM 7/18/1999 7/20/1999
1 0.00 0.00 0.00 0.00 0.00 3.54 0.00 0.00 0.00 0.00 3.17 0.00 0.00
2 0.00 0.00 0.00 0.00 0.00 1.48 0.00 0.00 0.00 0.00 1.77 0.00 0.00
3 0.00 0.00 0.00 0.00 0.00 1.41 0.00 0.00 0.00 0.85 5.17 0.00 3.70
4 0.00 0.00 3.44 0.00 0.00 2.59 0.00 0.00 0.29 0.00 1.93 0.00 0.00
5 0.00 0.00 0.00 0.00 0.00 1.26 0.00 0.00 0.00 0.00 0.25 0.00 0.00
6 0.00 0.00 0.00 0.00 0.00 0.68 0.00 2.82 0.00 0.00 1.74 0.00 0.00
7 0.00 0.00 0.00 0.00 0.00 3.05 0.00 0.17 0.00 0.00 3.52 0.00 0.00
8 0.00 1.12 4.09 0.00 0.00 2.16 0.12 0.17 0.13 0.55 0.98 0.00 0.00
9 0.00 3.38 5.79 0.00 2.54 2.86 2.28 0.00 5.46 4.12 10.51 0.25 0.67
10 0.00 1.51 4.17 0.00 0.81 3.86 1.91 0.41 2.63 0.97 24.75 1.03 156.47
11 5.88 2.72 3.21 0.00 25.17 74.47 6.04 0.00 13.13 2.41 254.88 2.24 356.65
12 0.01 1.64 7.31 0.00 0.73 9.41 0.35 0.00 1.59 0.98 3.85 0.17 0.21
13 0.00 0.66 13.40 0.00 0.38 5.02 0.18 0.00 0.08 0.58 2.30 0.00 0.00
14 0.00 2.31 2.37 0.00 3.62 3.89 1.90 0.00 2.22 0.87 9.13 0.00 0.61
15 0.89 1.27 3.18 0.00 2.50 3.31 0.23 0.00 2.19 0.29 2.33 0.00 0.33
16 0.00 1.65 2.96 0.00 0.29 0.81 0.27 0.00 0.64 0.18 1.66 0.00 0.26
17 0.00 1.40 1.62 0.00 25.11 131.86 3.80 0.00 6.67 5.33 177.68 0.00 30.25
18 0.00 2.03 1.72 0.00 7.96 12.39 0.32 0.00 2.49 0.72 10.41 0.00 3.73
19 2.77 6.05 5.49 3.97 12.73 102.18 4.30 0.17 6.77 1.72 70.57 2.51 9.27
20 3.64 6.84 6.96 4.67 24.47 181.32 15.66 0.48 39.67 5.62 636.02 11.04 102.28
21 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
22 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
23 0.00 0.00 0.00 0.00 0.00 99.18 0.00 0.00 0.00 0.00 118.13 0.00 0.00
24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
25 0.00 0.00 0.00 0.00 0.00 135.19 0.00 0.00 0.00 0.00 20.34 0.00 0.00
26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
27 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
28 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
29 0.00 4.05 13.10 0.00 0.00 174.14 0.00 0.00 0.00 0.00 339.49 0.00 0.00
30 15.13 164.71 65.41 1.17 32.57 951.01 2.52 0.00 6.16 9.08 1190.23 0.00 120.01
254
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plot no
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Appendix 2. (continued) soil loss on a storm-by-storm basis in 1999
7/23/1999 7/24/1999 7/25/1999 7/26/1999 7/29/1999 8/1/1999 8/2/1999 8/6/1999 8/10/1999 8/11/1999 8/12/1999 8/15/1999 16/08/99 am
0.018 0.019 0.002 0.046 0.471 0.000 0.000 0.000 0.297 0.052 0.028 0.000 0.035
0.054 0.056 0.000 0.002 0.035 0.000 0.000 0.000 0.030 0.000 0.000 0.000 0.000
0.014 0.056 0.005 0.006 0.041 0.005 0.000 0.000 0.056 0.018 0.000 0.000 0.017
0.000 0.042 0.000 0.000 0.072 0.000 0.000 0.000 0.045 0.000 0.000 0.000 0.000
0.000 0.006 0.000 0.000 0.005 0.000 0.000 0.000 0.003 0.000 0.000 0.000 0.000
0.000 0.006 0.000 0.000 0.023 0.000 0.000 0.000 0.042 0.000 0.005 0.000 0.008
0.000 0.023 0.000 0.014 0.191 0.000 0.000 0.000 0.037 0.000 0.000 0.000 0.000
0.006 0.015 0.000 0.006 0.007 0.002 0.000 0.000 0.012 0.000 0.000 0.000 0.001
0.069 0.065 0.037 0.054 0.552 0.034 0.000 0.000 0.081 0.000 0.005 0.000 0.052
0.035 0.369 0.079 0.129 9.202 0.184 0.019 0.019 4.907 0.311 0.098 0.000 0.376
0.090 2.424 0.117 0.650 10.586 0.103 0.000 0.057 2.598 0.187 0.079 0.000 0.206
0.007 0.039 0.006 0.042 0.591 0.025 0.000 0.022 4.957 0.018 0.004 0.000 0.012
0.005 0.010 0.002 0.004 0.064 0.004 0.000 0.014 0.036 0.006 0.001 0.000 0.005
0.005 0.092 0.011 0.038 0.477 0.030 0.000 0.006 0.898 0.004 0.006 0.000 0.019
0.003 0.019 0.003 0.008 0.019 0.004 0.000 0.000 0.127 0.002 0.002 0.000 0.024
0.005 0.024 0.008 0.008 0.044 0.009 0.000 0.005 0.105 0.002 0.008 0.000 0.019
0.017 1.451 0.210 0.276 7.742 0.022 0.000 0.045 1.810 0.093 0.061 0.011 0.184
0.072 0.184 0.027 0.000 0.661 0.017 0.000 0.021 0.338 0.000 0.036 0.011 0.091
0.183 0.583 0.041 0.278 6.082 0.057 0.008 0.018 3.515 0.131 0.055 0.009 0.121
0.087 7.289 0.123 0.319 48.302 0.341 0.039 0.125 5.428 0.372 0.389 0.109 4.047
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.027 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.061 0.000 0.012 0.182 0.000 0.000 0.000 1.354 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.240 0.000 0.000 0.000 0.089 0.000 0.000 0.000 0.000
0.000 0.022 0.000 0.009 0.270 0.000 0.000 0.000 1.098 0.005 0.010 0.000 0.036
0.000 0.000 0.000 0.000 0.078 0.000 0.000 0.000 0.010 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.015 0.000 0.000 0.000 0.003 0.000 0.000 0.000 0.000
0.000 0.092 0.000 0.018 4.875 0.000 0.000 0.000 1.223 0.000 0.086 0.000 0.028
0.053 2.533 0.033 0.644 13.538 0.196 0.010 0.016 5.211 0.042 0.072 0.000 0.479
254
plot no
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
7/23/1999 7/24/1999 7/25/1999 7/26/1999 7/29/1999 8/1/1999 8/2/1999 8/6/1999 8/10/1999 8/11/1999 8/12/1999 8/15/1999 8/16/1999
0.77 0.78 0.09 1.91 19.63 0.00 0.00 0.00 12.39 2.19 1.17 0.00 1.48
2.25 2.33 0.00 0.10 1.44 0.00 0.00 0.00 1.25 0.00 0.00 0.00 0.00
0.56 2.32 0.22 0.26 1.71 0.19 0.00 0.00 2.32 0.74 0.00 0.00 0.69
0.00 1.77 0.00 0.00 2.99 0.00 0.00 0.00 1.88 0.00 0.00 0.00 0.00
0.00 0.25 0.00 0.00 0.23 0.00 0.00 0.00 0.12 0.00 0.00 0.00 0.00
0.00 0.24 0.00 0.00 0.97 0.00 0.00 0.00 1.76 0.00 0.21 0.00 0.32
0.00 0.94 0.00 0.59 7.96 0.00 0.00 0.00 1.53 0.00 0.00 0.00 0.00
0.24 0.60 0.00 0.24 0.30 0.06 0.00 0.00 0.50 0.00 0.00 0.00 0.03
2.88 2.70 1.53 2.25 22.99 1.43 0.00 0.00 3.37 0.00 0.22 0.00 2.15
1.45 15.38 3.29 5.39 383.40 7.66 0.79 0.81 204.46 12.97 4.09 0.00 15.65
3.75 100.98 4.86 27.08 441.07 4.29 0.00 2.39 108.23 7.78 3.29 0.00 8.60
0.30 1.63 0.24 1.73 24.61 1.05 0.00 0.90 206.53 0.75 0.15 0.00 0.50
0.20 0.41 0.07 0.15 2.66 0.15 0.00 0.58 1.50 0.25 0.03 0.00 0.21
0.23 3.84 0.47 1.57 19.88 1.25 0.00 0.27 37.42 0.15 0.23 0.00 0.78
0.12 0.80 0.11 0.33 0.80 0.17 0.00 0.00 5.27 0.07 0.09 0.00 1.00
0.22 1.00 0.33 0.35 1.82 0.38 0.00 0.22 4.39 0.07 0.33 0.00 0.80
0.70 60.45 8.74 11.51 322.58 0.93 0.00 1.87 75.42 3.88 2.54 0.45 7.66
3.01 7.67 1.13 0.00 27.56 0.70 0.00 0.86 14.09 0.00 1.49 0.44 3.80
7.62 24.28 1.69 11.58 253.42 2.39 0.34 0.74 146.46 5.44 2.29 0.37 5.05
3.60 303.72 5.14 13.28 2012.58 14.20 1.61 5.19 226.17 15.49 16.22 4.55 168.62
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 3.77 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 8.51 0.00 1.63 25.29 0.00 0.00 0.00 188.06 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 33.37 0.00 0.00 0.00 12.34 0.00 0.00 0.00 0.00
0.00 2.99 0.00 1.28 37.52 0.00 0.00 0.00 152.54 0.76 1.38 0.00 4.95
0.00 0.00 0.00 0.00 10.85 0.00 0.00 0.00 1.32 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 2.03 0.00 0.00 0.00 0.36 0.00 0.00 0.00 0.00
0.00 12.76 0.00 2.46 677.14 0.00 0.00 0.00 169.91 0.00 11.96 0.00 3.88
7.34 351.85 4.57 89.47 1880.32 27.22 1.40 2.27 723.80 5.77 10.05 0.00 66.48
254
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Appendix 2. (continued) soil loss on a storm-by-storm basis in 1999
16/08/99 pm 8/17/1999 8/18/1999 18/08/99 pm 8/21/1999 8/22/1999 8/25/1999 26/8/99 27/8/99 28/8/99 30/8/99 31/8/99 2/9/99
0.000 0.027 0.000 0.007 0.519 0.000 0.069 0.016 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.048 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.004 0.000 0.009 0.029 0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.011 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.004 0.000 0.008 0.018 0.000 0.004 0.005 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.011 0.018 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.002 0.000 0.002 0.002 0.000 0.005 0.000 0.000 0.002 0.000 0.000 0.000
0.009 0.000 0.000 0.008 0.254 0.000 0.022 0.000 0.009 0.012 0.000 0.000 0.000
0.071 0.019 0.008 0.079 2.534 0.000 0.101 0.096 0.009 0.024 0.000 0.000 0.000
0.034 0.012 0.032 0.027 1.070 0.000 0.150 0.069 0.000 0.028 0.030 0.000 0.000
0.010 0.000 0.000 0.012 0.107 0.000 0.012 0.022 0.000 0.002 0.000 0.000 0.000
0.005 0.000 0.000 0.008 0.012 0.000 0.004 0.000 0.000 0.002 0.000 0.000 0.000
0.009 0.000 0.000 0.006 0.152 0.011 0.029 0.000 0.000 0.007 0.000 0.000 0.000
0.007 0.000 0.000 0.003 0.012 0.011 0.132 0.000 0.000 0.010 0.000 0.000 0.000
0.004 0.000 0.000 0.011 0.025 0.003 0.078 0.000 0.000 0.005 0.000 0.000 0.000
0.052 0.021 0.023 0.084 3.557 0.022 0.157 0.033 0.000 0.014 0.000 0.000 0.018
0.025 0.020 0.026 0.018 0.098 0.000 0.038 0.007 0.000 0.000 0.000 0.000 0.016
0.045 0.017 0.014 0.094 1.713 0.152 0.068 0.026 0.002 0.013 0.000 0.004 0.002
0.285 0.045 0.113 0.286 9.129 0.862 0.211 0.078 0.010 0.063 0.008 0.005 0.010
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.026 0.330 0.000 0.134 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.045 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.034 0.651 0.000 0.110 0.023 0.000 0.008 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.015 0.514 0.000 0.047 0.000 0.000 0.000 0.000 0.000 0.000
0.007 0.000 0.002 0.055 2.336 0.000 0.082 0.013 0.000 0.015 0.000 0.000 0.000
254
plot no
1
2
3
4
5
6
7
8
9
10
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12
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16/08 PM 8/17/1999 8/18/1999 18/08/1999 p 8/21/1999 8/22/1999 8/25/1999 26-Aug 27-Aug 28-Aug 30-Aug 31-Aug 2-Sep
0.00 1.12 0.00 0.27 21.64 0.00 2.86 0.69 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 2.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.16 0.00 0.36 1.20 0.00 0.24 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.45 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.19 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.19 0.00 0.34 0.73 0.00 0.18 0.19 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.44 0.74 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.07 0.00 0.08 0.08 0.00 0.20 0.00 0.00 0.07 0.00 0.00 0.00
0.36 0.00 0.00 0.32 10.59 0.00 0.90 0.00 0.37 0.49 0.00 0.00 0.00
2.94 0.81 0.34 3.29 105.57 0.00 4.20 4.00 0.36 1.00 0.01 0.00 0.00
1.43 0.49 1.34 1.14 44.58 0.00 6.24 2.86 0.00 1.16 1.26 0.00 0.00
0.44 0.00 0.00 0.51 4.48 0.00 0.51 0.90 0.00 0.08 0.00 0.00 0.00
0.22 0.00 0.00 0.35 0.50 0.00 0.17 0.00 0.00 0.10 0.00 0.00 0.00
0.37 0.00 0.00 0.25 6.32 0.45 1.20 0.00 0.00 0.27 0.00 0.00 0.00
0.29 0.00 0.00 0.14 0.50 0.46 5.49 0.00 0.00 0.40 0.00 0.00 0.00
0.16 0.00 0.00 0.47 1.05 0.11 3.24 0.00 0.00 0.20 0.00 0.00 0.00
2.18 0.87 0.95 3.51 148.22 0.91 6.55 1.36 0.00 0.57 0.00 0.00 0.77
1.03 0.82 1.10 0.75 4.09 0.00 1.60 0.28 0.00 0.00 0.00 0.00 0.65
1.87 0.69 0.57 3.92 71.37 6.31 2.83 1.09 0.10 0.55 0.00 0.19 0.10
11.89 1.86 4.70 11.90 380.36 35.93 8.81 3.27 0.42 2.64 0.33 0.20 0.41
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 3.55 45.88 0.00 18.66 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 6.24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 4.76 90.43 0.00 15.27 3.26 0.00 1.15 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.70 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.79 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 2.14 71.44 0.00 6.59 0.00 0.00 0.00 0.00 0.00 0.00
0.92 0.00 0.28 7.59 324.51 0.00 11.41 1.77 0.00 2.09 0.00 0.00 0.00
254
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Appendix 2. (continued) soil loss on a storm-by-storm basis in 1999
3/9/99 3&4/9/99 13/9/99 15/9/99 19/9/99 20/9/99 23/9/99 29/9/99
0.212 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.010 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.007 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.021 0.003 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.006 0.000 0.000 0.000 0.000 0.000 0.001 0.000
0.037 0.000 0.000 0.000 0.000 0.000 0.000 0.002
0.631 0.025 0.000 0.000 0.000 0.000 0.005 0.157
0.000 0.250 0.000 0.000 0.000 0.003 0.014 0.000
0.000 0.030 0.000 0.000 0.000 0.000 0.000 0.002
0.000 0.014 0.000 0.000 0.000 0.000 0.000 0.008
0.000 0.019 0.000 0.000 0.000 0.000 0.001 0.004
0.000 0.020 0.000 0.000 0.000 0.000 0.000 0.001
0.000 0.035 0.000 0.000 0.000 0.000 0.001 0.003
0.000 0.431 0.000 0.000 0.002 0.000 0.004 0.022
0.000 0.064 0.000 0.000 0.000 0.000 0.000 0.037
0.000 1.839 0.004 0.002 0.006 0.016 0.007 0.047
0.000 2.114 0.017 0.006 0.029 0.011 0.008 2.414
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.249 0.000 0.000 0.000 0.000 0.000 0.140
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.216 0.000 0.000 0.000 0.000 0.000 0.061
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.121 0.000 0.000 0.000 0.000 0.000 0.057
0.000 0.367 0.000 0.000 0.028 0.000 0.032 0.132
254
plot no
1
2
3
4
5
6
7
8
9
10
11
12
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3-Sep 13-Sep 15-Sep 19-Sep 20-Sep 23-Sep 29-Sep
8.82 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.24 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.18 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.42 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.29 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.89 0.12 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.24 0.00 0.00 0.00 0.00 0.00 0.04 0.00
1.52 0.00 0.00 0.00 0.00 0.00 0.00 0.07
26.27 1.04 0.00 0.00 0.00 0.00 0.19 6.53
0.00 10.42 0.00 0.00 0.00 0.14 0.60 0.00
0.00 1.27 0.00 0.00 0.00 0.00 0.00 0.10
0.00 0.59 0.00 0.00 0.00 0.00 0.00 0.34
0.00 0.78 0.00 0.00 0.00 0.00 0.06 0.15
0.00 0.85 0.00 0.00 0.00 0.00 0.00 0.05
0.00 1.46 0.00 0.00 0.00 0.00 0.03 0.12
0.00 17.95 0.00 0.00 0.09 0.00 0.18 0.90
0.00 2.66 0.00 0.00 0.00 0.00 0.00 1.55
0.00 76.64 0.16 0.10 0.24 0.69 0.29 1.98
0.00 88.08 0.70 0.25 1.19 0.46 0.33 100.59
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 34.63 0.00 0.00 0.00 0.00 0.00 19.50
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 29.98 0.00 0.00 0.00 0.00 0.00 8.54
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 16.81 0.00 0.00 0.00 0.00 0.00 7.87
0.00 51.01 0.00 0.00 3.93 0.00 4.45 18.29
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Appendix 3. Soil Moisture (m3/m3) in 1998
Date
Plot Treatment Block 29/05 12/06 26/06 11/07 24/07 08/08 21/08 04/09 18/09
12 CC 1 0.26 0.23 0.38 0.39 0.36 0.43 0.36 0.39 0.27
12 CC 1 0.20 0.29 0.38 0.38 0.38 0.42 0.35 0.36 0.21
12 CC 1 0.23 0.25 0.38 0.39 0.37 0.41 0.40 0.40 0.22
12 CC 1 0.23 0.25 0.35 0.39 0.37 0.42 0.37 0.37 0.26
12 CC 1 0.24 0.26 0.39 0.38 0.37 0.42 0.34 0.34 0.29
12 CC 1 0.25 0.22 0.39 0.41 0.42 0.39 0.31 0.36 0.22
12 CC 1 0.25 0.25 0.40 0.39 0.36 0.40 0.33 0.31 0.19
12 CC 1 0.27 0.25 0.37 0.39 0.36 0.41 0.34 0.33 0.21
12 CC 1 0.25 0.26 0.41 0.41 0.36 0.42 0.35 0.32 0.20
12 CC 1 0.26 0.25 0.40 0.36 0.40 0.44 0.33 0.36 0.19
16 CC+SM 1 0.24 0.28 0.40 0.39 0.34 0.41 0.31 0.38 0.36
16 CC+SM 1 0.20 0.27 0.39 0.32 0.36 0.41 0.33 0.29 0.27
16 CC+SM 1 0.23 0.29 0.38 0.36 0.36 0.39 0.34 0.33 0.26
16 CC+SM 1 0.23 0.21 0.32 0.36 0.35 0.39 0.33 0.22 0.21
16 CC+SM 1 0.24 0.21 0.39 0.34 0.38 0.43 0.30 0.30 0.24
16 CC+SM 1 0.22 0.28 0.39 0.33 0.35 0.41 0.33 0.33 0.21
16 CC+SM 1 0.24 0.29 0.37 0.35 0.37 0.42 0.32 0.27 0.18
16 CC+SM 1 0.28 0.27 0.40 0.41 0.40 0.42 0.30 0.30 0.39
16 CC+SM 1 0.25 0.29 0.39 0.39 0.39 0.42 0.34 0.35 0.22
16 CC+SM 1 0.26 0.24 0.38 0.35 0.33 0.38 0.28 0.29 0.23
18 CC 2 0.26 0.25 0.36 0.39 0.38 0.42 0.33 0.40 0.20
18 CC 2 0.30 0.21 0.36 0.34 0.37 0.36 0.36 0.31 0.20
18 CC 2 0.28 0.25 0.39 0.36 0.37 0.39 0.29 0.27 0.17
18 CC 2 0.29 0.23 0.40 0.37 0.35 0.36 0.34 0.39 0.20
18 CC 2 0.31 0.24 0.38 0.40 0.39 0.42 0.35 0.31 0.21
18 CC 2 0.31 0.25 0.40 0.41 0.38 0.36 0.28 0.27 0.13
18 CC 2 0.24 0.24 0.39 0.40 0.33 0.32 0.31 0.33 0.16
18 CC 2 0.30 0.24 0.39 0.39 0.39 0.40 0.34 0.37 0.19
18 CC 2 0.27 0.22 0.37 0.39 0.35 0.43 0.34 0.33 0.17
18 CC 2 0.25 0.22 0.41 0.42 0.36 0.38 0.30 0.34 0.22
13 CC+SM 2 0.21 0.22 0.42 0.40 0.34 0.36 0.30 0.35 0.28
13 CC+SM 2 0.24 0.27 0.41 0.40 0.37 0.40 0.40 0.35 0.23
13 CC+SM 2 0.21 0.27 0.40 0.43 0.37 0.41 0.36 0.34 0.25
13 CC+SM 2 0.22 0.23 0.42 0.37 0.37 0.44 0.41 0.42 0.34
13 CC+SM 2 0.30 0.26 0.40 0.42 0.36 0.41 0.29 0.31 0.23
13 CC+SM 2 0.24 0.26 0.39 0.40 0.37 0.43 0.35 0.34 0.31
13 CC+SM 2 0.28 0.24 0.42 0.37 0.34 0.42 0.39 0.38 0.34
13 CC+SM 2 0.27 0.27 0.42 0.42 0.39 0.41 0.36 0.33 0.26
13 CC+SM 2 0.27 0.26 0.40 0.39 0.39 0.39 0.32 0.37 0.23
13 CC+SM 2 0.23 0.24 0.42 0.40 0.37 0.39 0.30 0.28 0.19
15 CC+SM 3 0.24 0.26 0.38 0.41 0.37 0.42 0.34 0.29 0.33
15 CC+SM 3 0.20 0.23 0.40 0.37 0.33 0.41 0.30 0.31 0.26
15 CC+SM 3 0.22 0.25 0.37 0.36 0.36 0.40 0.36 0.35 0.22
15 CC+SM 3 0.25 0.24 0.37 0.39 0.36 0.40 0.37 0.36 0.37
15 CC+SM 3 0.23 0.23 0.40 0.41 0.37 0.40 0.28 0.28 0.23
15 CC+SM 3 0.25 0.27 0.39 0.40 0.35 0.36 0.35 0.36 0.22
15 CC+SM 3 0.30 0.29 0.40 0.39 0.33 0.35 0.38 0.33 0.22
15 CC+SM 3 0.35 0.26 0.39 0.40 0.39 0.42 0.32 0.32 0.28
15 CC+SM 3 0.26 0.24 0.35 0.40 0.39 0.38 0.35 0.33 0.27
15 CC+SM 3 0.29 0.26 0.41 0.39 0.41 0.41 0.30 0.33 0.21
14 CC 3 0.24 0.23 0.38 0.38 0.39 0.41 0.30 0.33 0.20
14 CC 3 0.22 0.23 0.38 0.37 0.36 0.40 0.37 0.38 0.19
14 CC 3 0.26 0.22 0.39 0.37 0.39 0.41 0.33 0.27 0.22
14 CC 3 0.28 0.22 0.41 0.41 0.41 0.36 0.31 0.31 0.20
14 CC 3 0.22 0.24 0.41 0.39 0.38 0.43 0.36 0.39 0.21
14 CC 3 0.27 0.23 0.41 0.40 0.40 0.41 0.31 0.37 0.13
14 CC 3 0.27 0.22 0.38 0.40 0.42 0.43 0.37 0.35 0.23
14 CC 3 0.25 0.27 0.41 0.35 0.36 0.38 0.28 0.28 0.18
14 CC 3 0.23 0.23 0.40 0.40 0.38 0.40 0.36 0.26 0.18
14 CC 3 0.27 0.25 0.37 0.39 0.38 0.38 0.30 0.30 0.18
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Appendix 4. Soil Moisture (m3/m3) in 1999
Date
Plot Treatment Block 01/06 08/06 15/06 29/06 06/07 14/07 27/07 10/08 24/08 08/09 21/09
12 CC 1 0.25 0.28 0.20 0.15 0.25 0.33 0.35 0.40 0.42 0.36 0.40
12 CC 1 0.21 0.29 0.15 0.12 0.23 0.31 0.37 0.42 0.38 0.41 0.42
12 CC 1 0.24 0.25 0.14 0.17 0.21 0.29 0.42 0.41 0.35 0.33 0.38
12 CC 1 0.34 0.30 0.21 0.09 0.28 0.38 0.39 0.42 0.43 0.42 0.42
12 CC 1 0.24 0.24 0.14 0.11 0.21 0.27 0.38 0.40 0.34 0.34 0.38
12 CC 1 0.25 0.27 0.18 0.13 0.20 0.23 0.37 0.42 0.39 0.42 0.39
12 CC 1 0.29 0.30 0.25 0.16 0.21 0.29 0.40 0.43 0.40 0.43 0.42
12 CC 1 0.24 0.29 0.20 0.15 0.25 0.31 0.39 0.44 0.40 0.36 0.39
12 CC 1 0.24 0.23 0.19 0.14 0.28 0.33 0.39 0.43 0.35 0.39 0.39
12 CC 1 0.28 0.25 0.21 0.16 0.25 0.34 0.38 0.40 0.32 0.33 0.35
16 CC+SM 1 0.26 0.29 0.13 0.21 0.29 0.28 0.34 0.40 0.29 0.37 0.37
16 CC+SM 1 0.30 0.35 0.23 0.20 0.27 0.28 0.39 0.39 0.37 0.39 0.34
16 CC+SM 1 0.28 0.24 0.23 0.13 0.21 0.28 0.33 0.39 0.36 0.36 0.35
16 CC+SM 1 0.39 0.36 0.28 0.19 0.24 0.33 0.41 0.38 0.37 0.31 0.38
16 CC+SM 1 0.33 0.37 0.26 0.19 0.24 0.30 0.40 0.38 0.37 0.40 0.33
16 CC+SM 1 0.33 0.30 0.21 0.16 0.28 0.24 0.39 0.45 0.39 0.38 0.38
16 CC+SM 1 0.31 0.33 0.35 0.20 0.34 0.33 0.41 0.42 0.41 0.39 0.39
16 CC+SM 1 0.25 0.31 0.27 0.19 0.29 0.30 0.41 0.41 0.43 0.35 0.36
16 CC+SM 1 0.27 0.31 0.21 0.17 0.28 0.31 0.41 0.39 0.39 0.36 0.40
16 CC+SM 1 0.29 0.31 0.28 0.17 0.20 0.30 0.38 0.40 0.40 0.38 0.40
18 CC 2 0.24 0.27 0.16 0.13 0.20 0.28 0.37 0.36 0.38 0.36 0.31
18 CC 2 0.24 0.29 0.19 0.15 0.17 0.29 0.37 0.44 0.38 0.40 0.40
18 CC 2 0.26 0.28 0.19 0.15 0.20 0.31 0.36 0.41 0.37 0.38 0.35
18 CC 2 0.20 0.23 0.14 0.13 0.15 0.24 0.34 0.39 0.43 0.37 0.43
18 CC 2 0.20 0.24 0.18 0.17 0.25 0.25 0.35 0.38 0.32 0.36 0.37
18 CC 2 0.31 0.32 0.21 0.17 0.27 0.29 0.36 0.40 0.34 0.34 0.39
18 CC 2 0.26 0.29 0.24 0.15 0.28 0.34 0.40 0.40 0.44 0.44 0.43
18 CC 2 0.22 0.22 0.20 0.15 0.18 0.29 0.38 0.42 0.39 0.37 0.37
18 CC 2 0.28 0.24 0.24 0.16 0.22 0.32 0.39 0.43 0.41 0.39 0.41
18 CC 2 0.29 0.27 0.18 0.16 0.24 0.31 0.37 0.41 0.41 0.34 0.40
13 CC+SM 2 0.36 0.25 0.29 0.20 0.34 0.36 0.37 0.43 0.38 0.36 0.37
13 CC+SM 2 0.33 0.28 0.29 0.18 0.27 0.38 0.42 0.43 0.43 0.39 0.38
13 CC+SM 2 0.24 0.29 0.27 0.17 0.34 0.34 0.41 0.41 0.36 0.34 0.36
13 CC+SM 2 0.32 0.31 0.27 0.17 0.27 0.38 0.41 0.45 0.36 0.42 0.42
13 CC+SM 2 0.25 0.33 0.21 0.18 0.26 0.33 0.36 0.39 0.41 0.41 0.36
13 CC+SM 2 0.27 0.34 0.22 0.15 0.26 0.35 0.41 0.40 0.34 0.37 0.39
13 CC+SM 2 0.30 0.31 0.30 0.20 0.28 0.36 0.40 0.40 0.44 0.43 0.38
13 CC+SM 2 0.31 0.29 0.20 0.14 0.24 0.33 0.38 0.39 0.39 0.31 0.38
13 CC+SM 2 0.34 0.33 0.36 0.18 0.30 0.36 0.42 0.41 0.40 0.39 0.38
13 CC+SM 2 0.25 0.28 0.29 0.20 0.22 0.33 0.37 0.41 0.36 0.37 0.35
15 CC+SM 3 0.34 0.27 0.32 0.19 0.32 0.29 0.41 0.40 0.33 0.38 0.39
15 CC+SM 3 0.30 0.25 0.29 0.14 0.32 0.32 0.42 0.40 0.32 0.42 0.39
15 CC+SM 3 0.34 0.34 0.29 0.14 0.24 0.29 0.35 0.38 0.35 0.36 0.40
15 CC+SM 3 0.28 0.28 0.22 0.19 0.27 0.32 0.36 0.40 0.37 0.43 0.39
15 CC+SM 3 0.30 0.32 0.27 0.19 0.27 0.31 0.38 0.42 0.31 0.42 0.38
15 CC+SM 3 0.24 0.24 0.18 0.18 0.36 0.34 0.38 0.39 0.40 0.39 0.41
15 CC+SM 3 0.29 0.32 0.21 0.21 0.31 0.33 0.42 0.42 0.39 0.39 0.43
15 CC+SM 3 0.35 0.33 0.26 0.17 0.27 0.28 0.39 0.40 0.36 0.40 0.39
15 CC+SM 3 0.30 0.30 0.35 0.21 0.31 0.32 0.36 0.39 0.37 0.37 0.38
15 CC+SM 3 0.31 0.32 0.30 0.20 0.34 0.32 0.38 0.41 0.39 0.41 0.34
14 CC 3 0.21 0.30 0.18 0.11 0.27 0.30 0.40 0.41 0.39 0.35 0.37
14 CC 3 0.21 0.25 0.18 0.15 0.24 0.34 0.43 0.43 0.41 0.38 0.38
14 CC 3 0.33 0.25 0.26 0.15 0.25 0.26 0.33 0.42 0.40 0.36 0.35
14 CC 3 0.20 0.23 0.18 0.14 0.18 0.28 0.40 0.41 0.37 0.36 0.42
14 CC 3 0.20 0.27 0.20 0.16 0.20 0.34 0.42 0.42 0.37 0.37 0.36
14 CC 3 0.20 0.24 0.13 0.14 0.20 0.35 0.39 0.41 0.36 0.39 0.35
14 CC 3 0.25 0.24 0.24 0.16 0.20 0.32 0.40 0.41 0.38 0.42 0.40
14 CC 3 0.30 0.28 0.26 0.19 0.22 0.31 0.37 0.43 0.38 0.36 0.40
14 CC 3 0.18 0.27 0.18 0.14 0.19 0.30 0.41 0.41 0.39 0.39 0.37
14 CC 3 0.20 0.25 0.15 0.14 0.21 0.29 0.41 0.39 0.36 0.35 0.40
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Appendix 5. Soil surface temperature (°C) in 1998
Date
Plot Treatment Block 29/05 12/06 26/06 11/07 24/07 08/08 21/08 04/09 18/09
12 CC 1 20.80 24.70 20.10 24.50 22.73 22.90 22.60 20.80 21.90
12 CC 1 21.10 24.83 20.70 26.30 22.67 22.90 23.00 20.53 22.10
12 CC 1 20.80 24.10 20.40 24.00 21.67 22.80 23.10 20.80 22.40
12 CC 1 20.30 24.50 20.90 26.27 22.90 23.20 22.80 20.50 21.60
12 CC 1 21.70 24.60 20.90 26.90 22.50 22.50 22.30 21.43 21.70
12 CC 1 20.70 24.70 20.30 25.03 22.80 22.23 23.30 21.80 22.60
12 CC 1 21.00 24.70 19.90 25.10 22.10 22.50 23.90 21.00 22.60
12 CC 1 20.77 24.60 20.40 24.20 22.60 22.10 26.00 21.20 23.30
12 CC 1 20.70 25.83 20.90 24.60 21.77 22.53 23.00 21.13 22.10
12 CC 1 20.67 25.83 20.00 25.53 23.20 22.30 23.00 21.20 23.00
16 CC+SM 1 21.97 24.93 19.60 26.17 22.77 21.20 23.83 20.90 20.90
16 CC+SM 1 20.40 24.43 20.80 25.33 23.10 21.80 22.60 20.70 21.80
16 CC+SM 1 21.57 26.70 19.60 25.40 22.87 22.00 23.83 20.80 21.50
16 CC+SM 1 19.70 24.37 20.20 23.80 23.10 21.60 23.33 20.30 22.40
16 CC+SM 1 23.17 25.23 20.50 26.10 23.30 22.00 26.17 20.60 21.50
16 CC+SM 1 21.13 24.90 19.90 26.10 21.90 21.40 25.87 20.70 21.20
16 CC+SM 1 21.53 24.77 20.30 24.13 23.10 22.10 26.93 20.70 22.40
16 CC+SM 1 20.53 23.70 20.20 25.80 22.80 22.27 28.80 21.80 22.80
16 CC+SM 1 21.93 24.33 20.50 24.10 21.57 21.00 24.60 20.70 20.90
16 CC+SM 1 20.90 23.50 20.30 23.50 21.60 20.00 23.70 20.10 21.40
18 CC 2 23.87 26.67 21.10 24.03 22.20 22.53 24.27 21.20 22.50
18 CC 2 24.50 25.40 20.60 25.33 22.00 21.70 25.13 21.37 22.40
18 CC 2 24.60 25.90 20.90 25.23 22.80 22.20 23.07 21.70 22.47
18 CC 2 24.20 25.80 21.23 25.50 21.83 21.60 24.60 20.90 22.50
18 CC 2 24.80 26.10 21.50 24.83 22.50 23.00 24.90 21.40 22.40
18 CC 2 24.50 26.20 21.20 23.50 21.40 20.90 22.60 21.23 21.50
18 CC 2 24.77 25.70 20.80 24.00 21.33 21.50 26.37 20.70 22.00
18 CC 2 24.50 25.57 21.40 24.50 20.70 20.40 23.60 20.10 21.60
18 CC 2 24.07 26.43 21.00 24.50 21.30 21.70 25.23 20.80 22.00
18 CC 2 24.07 26.70 21.50 23.27 20.73 21.30 22.00 20.00 21.10
13 CC+SM 2 23.30 26.23 21.90 24.80 22.70 21.50 28.07 21.37 22.20
13 CC+SM 2 23.00 25.07 20.90 25.70 22.10 21.30 24.20 20.80 22.73
13 CC+SM 2 21.10 25.20 21.10 24.40 21.70 21.53 23.30 21.00 22.00
13 CC+SM 2 22.73 26.20 21.17 24.50 21.80 21.67 27.00 22.70 22.20
13 CC+SM 2 23.80 25.40 22.20 25.40 22.90 22.20 22.80 21.20 21.90
13 CC+SM 2 21.80 26.10 21.70 24.30 22.10 21.60 24.00 21.60 22.00
13 CC+SM 2 21.30 25.33 21.40 23.80 21.40 21.90 25.00 21.33 22.27
13 CC+SM 2 21.90 25.10 22.73 25.00 22.00 21.67 28.20 21.40 22.20
13 CC+SM 2 21.70 24.53 23.27 25.03 22.00 21.20 28.70 22.73 22.20
13 CC+SM 2 22.50 26.70 23.10 25.30 21.80 21.40 26.20 22.60 22.80
15 CC+SM 3 22.50 29.40 21.90 26.70 21.47 21.20 25.43 24.23 22.30
15 CC+SM 3 22.93 28.90 22.63 28.13 21.50 21.40 25.50 22.50 26.20
15 CC+SM 3 22.70 29.17 21.90 26.23 22.70 21.13 29.17 22.00 25.80
15 CC+SM 3 24.80 27.77 22.30 26.30 22.30 21.70 29.33 22.90 23.57
15 CC+SM 3 23.20 26.20 21.87 29.00 21.73 21.70 26.10 22.00 23.40
15 CC+SM 3 22.53 28.17 22.90 27.80 21.87 21.20 25.80 21.90 23.20
15 CC+SM 3 25.07 28.40 22.87 26.70 21.10 20.90 27.30 22.70 21.90
15 CC+SM 3 23.57 26.30 21.50 26.20 21.20 21.07 26.80 22.50 24.90
15 CC+SM 3 23.00 28.30 22.20 27.30 21.70 21.30 23.70 21.80 21.70
15 CC+SM 3 24.50 28.40 23.10 28.97 21.50 21.00 23.80 21.37 22.63
14 CC 3 25.33 28.30 26.23 28.80 21.70 22.47 28.80 25.37 25.00
14 CC 3 25.03 29.03 26.00 28.90 22.50 22.00 25.50 26.40 26.40
14 CC 3 25.10 29.43 25.10 30.20 23.50 22.80 28.10 27.50 26.00
14 CC 3 24.50 28.00 25.60 28.40 22.40 22.20 27.23 25.20 24.10
14 CC 3 25.40 27.60 24.60 26.30 22.20 21.90 29.30 28.20 25.90
14 CC 3 24.30 27.30 25.40 29.90 22.30 22.20 25.10 28.00 24.80
14 CC 3 24.80 27.53 24.30 28.60 22.20 21.60 27.80 25.40 23.40
14 CC 3 24.80 28.97 24.90 30.30 22.57 22.00 26.23 26.70 24.10
14 CC 3 25.10 27.67 24.50 29.40 21.80 22.07 27.70 28.00 23.30
14 CC 3 24.70 29.23 25.30 29.10 21.90 22.10 27.00 25.30 25.90
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Appendix 6. Soil surface temperature (°C) in 1999
Date
Plot Treatment Block 01/06 08/06 15/06 29/06 06/07 14/07 27/07 10/08 24/08 08/09 21/09
12 CC 1 27.10 38.50 35.97 28.10 21.50 28.27 25.50 22.20 18.90 23.87 21.63
12 CC 1 26.90 37.03 32.33 26.70 28.80 28.60 24.60 22.20 19.20 22.70 22.40
12 CC 1 26.50 36.30 35.07 26.43 29.67 30.30 25.30 22.60 19.43 23.00 21.20
12 CC 1 27.30 37.67 35.70 26.63 32.10 28.10 33.47 22.50 19.00 22.50 20.77
12 CC 1 26.80 36.70 36.80 28.20 30.27 28.30 27.10 22.60 19.00 23.00 21.80
12 CC 1 25.97 37.10 37.40 28.43 29.97 28.37 26.57 22.70 19.10 23.10 20.80
12 CC 1 26.47 34.93 35.77 28.23 30.40 28.20 23.70 22.50 19.10 22.80 22.00
12 CC 1 27.17 36.97 37.30 26.40 29.97 27.93 25.30 22.90 19.30 23.20 21.60
12 CC 1 26.70 37.60 34.37 27.30 29.80 27.40 24.77 22.20 19.00 23.30 24.10
12 CC 1 26.57 35.87 33.60 28.37 28.40 29.20 24.27 22.80 19.33 23.83 24.60
16 CC+SM 1 21.97 29.93 25.67 26.60 26.30 25.07 23.23 23.00 19.27 22.80 21.40
16 CC+SM 1 24.20 31.10 27.60 27.83 27.50 25.60 25.50 23.03 19.90 22.10 23.80
16 CC+SM 1 22.50 35.70 25.90 25.63 27.00 26.70 27.70 21.90 18.80 22.80 20.70
16 CC+SM 1 21.93 31.60 25.97 23.80 24.50 25.10 23.53 22.57 19.20 22.40 20.70
16 CC+SM 1 22.20 31.20 27.33 26.13 26.97 25.60 25.60 24.20 19.20 22.93 20.60
16 CC+SM 1 23.00 30.23 23.80 25.17 25.50 23.90 22.50 21.93 18.90 22.60 21.50
16 CC+SM 1 23.80 32.00 25.73 25.23 25.00 24.40 22.10 21.93 18.80 21.03 23.90
16 CC+SM 1 20.77 32.00 25.13 22.10 24.50 23.40 21.63 21.43 19.93 21.30 19.17
16 CC+SM 1 20.80 33.07 26.47 21.63 24.90 23.77 23.90 22.30 18.80 22.30 19.50
16 CC+SM 1 21.80 29.27 24.20 23.13 24.70 22.70 21.40 22.20 18.53 20.60 20.10
18 CC 2 25.07 36.40 31.70 28.67 28.67 27.40 23.87 22.63 19.23 23.20 26.90
18 CC 2 25.60 34.27 31.80 26.73 25.80 25.90 24.53 23.20 19.70 22.40 26.63
18 CC 2 26.70 36.50 33.07 28.80 24.70 26.93 27.67 22.33 20.23 22.40 24.20
18 CC 2 27.20 36.83 32.43 29.10 27.40 27.17 27.63 23.70 19.60 21.70 22.30
18 CC 2 25.90 40.10 33.47 28.80 27.40 26.20 27.10 23.50 19.30 23.60 26.60
18 CC 2 25.50 37.63 32.10 29.27 27.50 26.00 24.60 22.90 19.00 21.30 21.20
18 CC 2 26.40 37.17 31.53 27.80 26.30 25.30 23.10 22.40 18.70 20.70 21.47
18 CC 2 25.50 37.60 31.37 30.37 26.97 25.40 23.20 22.60 19.00 22.30 20.50
18 CC 2 25.53 36.27 30.40 30.53 26.30 25.90 23.60 23.00 18.90 21.83 21.07
18 CC 2 26.53 37.97 30.57 29.03 26.20 25.80 23.40 23.10 18.90 22.03 25.03
13 CC+SM 2 24.80 33.50 27.60 24.50 25.50 24.37 25.20 22.13 18.70 21.80 21.40
13 CC+SM 2 26.50 31.80 27.70 25.07 26.20 25.87 23.40 22.10 18.80 23.20 21.10
13 CC+SM 2 25.80 34.20 27.00 25.03 28.10 25.10 22.80 21.60 19.80 21.80 21.13
13 CC+SM 2 25.20 29.70 27.90 24.13 28.07 24.80 23.00 22.30 18.90 23.30 22.30
13 CC+SM 2 26.70 32.80 27.50 25.50 27.93 25.53 24.40 21.80 18.80 22.00 20.90
13 CC+SM 2 25.10 31.97 27.00 27.97 26.73 26.30 24.60 22.60 18.80 22.10 20.73
13 CC+SM 2 26.00 32.47 26.50 24.50 26.63 25.50 25.40 21.80 19.10 24.27 21.60
13 CC+SM 2 25.10 31.57 26.60 24.67 28.93 26.30 24.10 22.80 19.30 22.40 21.20
13 CC+SM 2 26.00 32.43 26.60 26.20 27.13 26.00 23.30 21.90 18.70 22.80 24.33
13 CC+SM 2 24.10 31.97 25.40 25.83 26.50 25.70 24.90 22.20 19.00 23.20 23.37
15 CC+SM 3 24.60 31.20 28.30 25.33 29.60 25.70 26.67 23.30 18.90 23.90 21.30
15 CC+SM 3 25.30 33.57 28.00 24.87 29.20 25.30 28.30 23.63 18.70 24.60 23.40
15 CC+SM 3 26.17 33.67 27.10 26.40 28.40 26.60 26.07 22.93 19.03 24.07 21.80
15 CC+SM 3 24.63 30.20 27.70 24.17 28.00 26.20 27.30 24.20 19.20 24.20 22.17
15 CC+SM 3 26.60 30.23 27.43 23.90 31.30 24.90 25.40 23.80 19.00 22.40 21.30
15 CC+SM 3 25.70 31.90 26.80 24.13 29.17 24.70 24.60 22.70 18.47 22.50 23.00
15 CC+SM 3 27.57 32.00 26.60 24.27 29.87 26.20 25.13 23.00 18.20 21.80 21.60
15 CC+SM 3 25.80 27.60 26.40 23.30 29.77 24.50 22.80 22.90 18.40 22.10 23.43
15 CC+SM 3 26.50 28.87 27.80 24.80 28.30 25.10 25.43 23.60 19.13 22.40 20.40
15 CC+SM 3 26.80 32.70 26.40 24.07 28.37 24.80 26.50 23.10 18.50 21.63 21.20
14 CC 3 29.27 38.13 34.17 29.63 31.40 27.00 26.40 23.30 19.00 25.70 22.30
14 CC 3 32.47 40.33 31.10 27.73 30.20 26.80 27.73 23.50 19.50 23.90 22.40
14 CC 3 32.73 36.17 34.90 27.47 31.37 27.30 25.80 23.60 19.30 27.43 26.50
14 CC 3 33.90 38.67 36.40 28.17 30.37 28.30 26.37 23.60 19.10 23.90 21.30
14 CC 3 32.83 37.27 33.70 28.60 30.77 28.03 27.53 24.10 19.40 24.70 22.40
14 CC 3 32.73 39.40 34.70 29.47 33.37 26.60 25.40 23.50 18.50 24.77 23.90
14 CC 3 32.87 36.97 31.87 28.07 31.40 26.90 27.80 23.30 18.50 23.90 24.70
14 CC 3 33.40 36.70 35.20 28.57 31.43 26.60 29.00 23.70 18.90 24.20 21.40
14 CC 3 33.30 35.80 33.50 29.73 33.30 27.10 27.90 23.30 18.80 24.80 21.60
14 CC 3 33.33 38.97 34.50 29.27 32.10 26.10 27.77 23.40 18.57 24.10 22.27
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Appendix 7. Soil temperature (°C) 5cm depth in 1998
Date
Plot Treatment Block 29/05 12/06 26/06 11/07 24/07 08/08 21/08 04/09 18/09
12 CC 1 18.97 22.57 19.30 22.60 20.90 20.77 21.50 20.10 21.50
12 CC 1 19.10 22.43 19.70 23.53 20.87 20.80 21.60 19.80 20.60
12 CC 1 19.10 22.43 19.50 22.60 21.40 20.60 21.40 19.67 21.50
12 CC 1 18.83 22.60 19.60 23.00 21.30 20.50 21.00 19.63 20.90
12 CC 1 19.27 22.60 19.50 23.80 21.73 21.20 21.40 20.13 20.90
12 CC 1 18.70 22.30 19.60 23.10 21.77 20.80 21.50 19.83 21.10
12 CC 1 19.07 22.70 19.50 23.20 21.07 21.03 22.30 20.20 21.50
12 CC 1 18.80 22.40 19.90 22.40 20.90 20.80 23.27 20.20 22.60
12 CC 1 19.30 22.50 19.50 22.03 21.00 20.20 20.80 19.70 20.70
12 CC 1 19.30 22.80 19.70 24.30 21.50 21.10 21.70 20.20 21.70
16 CC+SM 1 18.70 22.00 19.30 23.80 22.10 21.40 21.73 20.00 20.40
16 CC+SM 1 18.70 22.30 19.60 24.20 21.80 21.40 21.60 20.10 21.20
16 CC+SM 1 19.23 21.70 20.30 23.10 21.70 21.10 22.40 20.03 21.00
16 CC+SM 1 18.90 22.30 19.60 23.30 21.77 20.93 22.10 19.87 21.20
16 CC+SM 1 19.53 22.70 19.70 23.90 22.37 21.50 23.03 19.83 21.00
16 CC+SM 1 19.33 22.20 19.60 24.37 21.50 20.40 22.60 19.80 20.70
16 CC+SM 1 19.80 22.10 20.30 22.60 22.20 20.90 26.40 20.20 21.80
16 CC+SM 1 19.00 22.20 19.70 23.10 21.90 21.63 25.80 20.40 21.87
16 CC+SM 1 19.00 22.07 19.60 22.70 20.80 19.93 22.40 19.60 20.20
16 CC+SM 1 19.60 21.47 19.60 22.90 21.00 19.90 20.90 19.40 20.20
18 CC 2 21.07 23.10 19.90 23.00 21.77 20.73 22.80 19.40 21.30
18 CC 2 22.17 23.93 20.13 24.40 21.83 20.80 22.40 19.90 20.80
18 CC 2 21.50 23.70 20.40 24.00 22.47 21.77 21.90 20.10 21.00
18 CC 2 21.60 23.33 20.60 23.97 21.60 20.70 22.90 19.63 20.30
18 CC 2 21.60 23.30 20.20 24.00 21.90 21.30 23.00 20.30 21.00
18 CC 2 21.60 23.20 20.30 22.80 20.93 20.10 21.60 19.50 20.70
18 CC 2 21.03 22.90 19.90 22.60 20.90 21.10 24.80 20.00 20.70
18 CC 2 20.80 22.53 20.30 23.50 20.80 20.20 22.63 19.77 20.90
18 CC 2 21.60 23.00 20.20 22.90 20.70 20.30 24.67 19.60 21.30
18 CC 2 21.90 22.80 20.30 23.27 20.60 20.37 23.50 19.30 20.10
13 CC+SM 2 20.33 22.90 20.80 23.80 22.10 20.50 23.87 20.60 21.30
13 CC+SM 2 20.07 23.10 20.20 23.50 21.90 20.70 22.20 20.50 21.00
13 CC+SM 2 19.20 22.80 20.57 22.30 21.10 21.40 21.80 19.93 20.80
13 CC+SM 2 20.30 23.90 20.00 23.60 21.20 21.30 24.20 20.90 21.30
13 CC+SM 2 21.10 23.80 21.07 23.60 22.30 21.10 22.00 20.60 21.20
13 CC+SM 2 19.80 23.20 20.50 23.20 21.20 21.00 23.20 20.10 21.30
13 CC+SM 2 19.50 23.30 20.40 22.53 21.00 20.90 22.40 20.00 21.80
13 CC+SM 2 20.80 22.90 20.30 23.50 21.30 21.00 25.20 20.63 21.83
13 CC+SM 2 19.40 22.30 20.70 23.10 21.30 20.70 23.87 20.60 21.20
13 CC+SM 2 19.90 23.17 21.17 23.60 21.17 21.13 23.60 21.60 21.30
15 CC+SM 3 21.30 24.40 21.83 24.80 20.80 21.00 23.40 20.50 20.80
15 CC+SM 3 20.77 25.47 21.50 24.20 21.10 20.70 24.47 20.70 23.70
15 CC+SM 3 20.20 23.77 20.70 24.70 21.70 20.50 25.70 21.00 22.60
15 CC+SM 3 21.30 24.17 21.30 24.10 22.00 21.50 24.90 21.80 21.70
15 CC+SM 3 20.23 23.20 21.30 25.03 21.80 21.60 22.90 21.10 21.80
15 CC+SM 3 21.30 24.90 21.10 24.20 21.43 20.90 25.30 20.70 22.80
15 CC+SM 3 21.50 24.30 21.20 23.00 20.90 20.90 24.30 20.20 20.90
15 CC+SM 3 20.90 24.40 21.40 23.90 21.20 21.10 24.07 21.60 23.67
15 CC+SM 3 20.80 23.90 21.40 23.60 21.50 20.67 23.70 21.40 21.40
15 CC+SM 3 21.90 25.27 21.70 24.70 21.60 20.60 21.70 19.97 22.10
14 CC 3 22.50 25.57 21.50 25.80 21.70 21.30 25.10 22.07 22.90
14 CC 3 21.37 24.43 21.50 25.40 22.30 21.33 25.50 22.17 24.80
14 CC 3 22.10 24.70 21.80 23.50 22.67 22.00 26.30 22.30 23.80
14 CC 3 21.70 24.70 21.10 24.93 21.80 21.70 25.03 21.70 22.80
14 CC 3 22.00 17.03 21.50 25.00 22.20 21.50 24.70 22.90 22.80
14 CC 3 21.20 24.83 21.40 25.50 21.70 20.93 23.60 22.23 23.30
14 CC 3 21.23 24.80 21.53 25.33 21.40 21.00 24.60 21.60 22.10
14 CC 3 21.63 25.20 21.90 26.00 21.60 21.80 23.93 21.30 22.00
14 CC 3 22.00 25.00 21.80 25.77 22.00 21.10 24.70 22.40 21.70
14 CC 3 21.80 24.40 21.80 26.20 21.53 21.23 25.70 22.30 23.20
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Appendix 8. Soil temperature (°C) at 5cm depth in 1999
Date
Plot Treatment Block 01/06 08/06 15/06 29/06 06/07 14/07 27/07 10/08 24/08 08/09 21/09
12 CC 1 23.10 31.23 28.26 23.63 26.83 23.70 22.47 21.20 18.03 21.80 23.63
12 CC 1 23.07 29.57 26.47 23.83 24.70 23.40 22.37 20.80 18.00 20.80 23.83
12 CC 1 22.90 30.50 25.63 24.47 26.20 24.20 22.90 21.20 18.50 20.77 24.47
12 CC 1 23.40 30.63 26.60 24.10 25.47 24.40 24.00 20.80 18.00 22.60 24.10
12 CC 1 22.70 30.80 25.80 23.93 25.40 24.10 22.80 21.00 18.33 20.93 23.93
12 CC 1 22.70 28.80 27.50 24.40 25.30 24.00 22.60 21.80 18.36 21.40 24.40
12 CC 1 22.60 30.40 26.70 24.00 25.20 23.60 22.00 20.90 17.80 21.10 24.00
12 CC 1 23.03 28.87 26.60 25.10 25.73 24.36 22.60 21.60 18.70 21.86 25.10
12 CC 1 22.90 29.30 27.30 23.30 26.36 23.50 22.30 20.86 18.10 22.37 23.30
12 CC 1 22.70 28.97 26.90 23.30 25.40 24.00 22.20 21.50 18.56 21.70 23.30
16 CC+SM 1 20.27 26.40 22.90 21.80 24.00 23.20 24.30 21.63 18.10 22.00 21.80
16 CC+SM 1 20.80 27.20 25.03 23.13 25.13 24.03 22.90 22.20 18.40 21.37 23.13
16 CC+SM 1 21.10 29.40 22.70 22.20 24.70 23.50 25.50 21.50 18.50 21.30 22.20
16 CC+SM 1 20.10 25.20 23.50 21.70 22.76 23.10 23.06 21.40 18.50 22.00 21.70
16 CC+SM 1 21.00 26.43 25.60 22.50 24.36 25.20 23.50 21.90 18.50 22.20 22.50
16 CC+SM 1 20.40 25.23 21.80 21.10 23.20 21.90 21.50 21.10 18.10 20.50 21.10
16 CC+SM 1 20.10 25.70 23.40 22.40 23.70 22.80 20.70 21.70 18.40 20.20 22.40
16 CC+SM 1 19.60 25.80 23.40 21.10 22.40 22.00 20.60 21.20 18.10 22.00 21.10
16 CC+SM 1 19.80 30.40 23.43 20.80 21.90 22.70 22.20 20.70 18.20 20.10 20.80
16 CC+SM 1 19.90 27.76 22.93 20.86 22.33 21.26 20.60 20.40 18.00 20.20 20.86
18 CC 2 23.00 30.90 26.80 25.20 26.00 25.60 22.60 22.00 18.60 20.90 25.20
18 CC 2 22.10 30.20 26.20 24.43 24.60 23.90 23.16 21.90 18.33 21.30 24.43
18 CC 2 22.73 30.20 27.40 25.43 24.50 25.10 25.80 21.90 18.50 21.90 25.43
18 CC 2 23.10 29.20 26.80 24.80 25.40 24.80 25.50 22.00 18.70 22.73 24.80
18 CC 2 22.60 29.50 26.90 24.53 24.70 23.80 23.60 21.80 18.83 22.10 24.53
18 CC 2 21.80 29.80 26.60 24.30 24.30 24.30 22.63 21.70 18.00 22.20 24.30
18 CC 2 22.90 29.63 27.00 23.73 24.80 24.50 22.80 21.50 18.10 20.20 23.73
18 CC 2 22.50 30.20 26.73 23.80 24.10 23.23 20.80 21.20 18.40 20.36 23.80
18 CC 2 21.80 27.70 25.70 23.63 23.46 23.30 22.50 21.70 18.30 21.10 23.63
18 CC 2 22.70 29.50 26.43 23.03 23.26 23.70 21.70 20.80 18.10 22.40 23.03
13 CC+SM 2 22.90 32.40 25.40 22.76 25.13 22.80 22.60 20.90 18.30 20.90 22.77
13 CC+SM 2 23.50 31.50 25.60 22.90 25.70 24.10 22.40 20.90 18.40 20.90 22.90
13 CC+SM 2 22.10 30.90 25.90 22.70 24.93 23.60 22.20 20.60 18.57 20.40 22.70
13 CC+SM 2 21.00 24.60 25.10 22.50 24.83 22.90 21.50 21.50 18.16 22.80 22.50
13 CC+SM 2 22.60 23.80 25.10 22.83 23.93 23.80 23.20 21.00 18.40 21.00 22.83
13 CC+SM 2 21.87 27.30 25.10 23.10 24.10 24.63 22.80 21.30 18.20 21.00 23.10
13 CC+SM 2 22.50 28.80 25.60 22.10 24.30 24.70 23.90 21.10 18.40 22.06 22.10
13 CC+SM 2 21.10 27.27 25.30 22.40 25.10 24.50 22.23 21.70 18.66 21.50 22.40
13 CC+SM 2 21.20 26.20 25.10 23.13 24.50 25.03 22.70 20.60 18.20 21.10 23.13
13 CC+SM 2 21.47 26.73 24.60 22.50 23.70 23.40 23.20 21.30 18.50 21.80 22.50
15 CC+SM 3 23.03 28.90 25.60 23.30 25.20 24.46 22.70 21.30 18.30 21.43 23.30
15 CC+SM 3 24.56 27.20 24.60 22.90 24.83 23.90 24.20 22.70 18.40 22.53 22.90
15 CC+SM 3 23.07 29.03 25.57 23.57 26.80 23.80 23.43 21.30 18.56 23.10 23.56
15 CC+SM 3 22.20 27.20 24.70 21.90 24.50 24.50 23.70 21.40 18.16 22.00 21.90
15 CC+SM 3 23.40 27.80 24.43 22.40 25.36 23.53 21.80 22.30 18.40 21.40 22.40
15 CC+SM 3 23.80 26.60 24.27 23.13 25.20 23.40 22.63 21.80 18.20 22.60 23.13
15 CC+SM 3 23.90 28.07 24.60 22.10 26.43 23.50 23.30 21.60 18.40 21.10 22.10
15 CC+SM 3 23.10 26.60 22.80 22.20 25.20 23.00 21.40 21.70 18.66 21.70 22.20
15 CC+SM 3 22.30 27.30 25.50 22.80 24.66 23.97 23.30 21.70 18.20 21.00 22.80
15 CC+SM 3 23.20 28.70 23.57 23.40 25.86 23.40 24.36 21.40 18.50 21.00 23.40
14 CC 3 25.73 33.10 29.60 27.00 27.13 24.83 23.77 22.50 18.80 22.70 27.00
14 CC 3 25.60 32.60 29.43 26.00 26.93 23.80 23.70 22.50 18.80 22.20 26.00
14 CC 3 25.20 31.40 28.63 25.33 27.60 25.10 25.70 22.60 18.90 23.13 25.33
14 CC 3 24.40 31.57 28.00 25.70 26.30 25.90 23.20 22.10 18.50 21.50 25.70
14 CC 3 25.07 31.30 27.86 26.77 26.13 24.83 23.70 22.00 19.00 23.50 26.76
14 CC 3 25.50 32.03 28.80 25.33 27.20 25.13 24.10 21.40 18.30 21.90 25.33
14 CC 3 26.30 30.77 28.43 26.50 27.00 25.33 25.50 22.10 18.70 22.30 26.50
14 CC 3 26.40 30.70 26.43 26.33 26.30 25.40 23.33 22.60 18.30 22.60 26.33
14 CC 3 24.80 31.00 28.60 25.80 26.70 25.40 23.60 21.70 18.56 22.80 25.80
14 CC 3 25.80 31.83 29.10 25.17 27.53 24.50 27.13 21.70 18.20 22.37 25.17
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Appendix 9. Stem base temperature °C 1998
Date
Plot Treatment Block 12/06 26/06 11/07 24/07 08/08 21/08 04/09 18/09
12 CC 1 25.30 19.40 23.10 21.30 21.40 22.00 20.37 21.50
12 CC 1 24.00 20.40 24.30 22.00 21.37 22.60 20.60 21.40
12 CC 1 25.03 19.60 22.30 21.30 20.10 21.80 20.80 21.70
12 CC 1 24.50 19.80 22.80 21.50 21.07 21.80 20.50 21.60
12 CC 1 24.80 19.70 24.10 21.20 21.70 22.80 21.17 21.50
12 CC 1 25.70 19.90 24.20 22.00 21.47 22.70 20.60 22.70
12 CC 1 27.50 19.80 24.60 22.20 21.67 22.40 20.70 21.80
12 CC 1 25.60 20.00 22.90 22.40 22.20 25.90 21.30 22.80
12 CC 1 24.40 19.90 25.10 21.20 21.60 23.00 20.80 21.67
12 CC 1 26.20 20.60 25.10 21.57 21.70 22.10 20.70 22.10
16 CC+SM 1 23.40 20.20 23.73 21.20 21.30 24.17 20.80 21.50
16 CC+SM 1 24.90 20.80 24.07 22.20 22.00 23.00 20.80 22.20
16 CC+SM 1 24.70 20.10 24.97 23.40 21.77 24.03 20.80 21.70
16 CC+SM 1 23.60 20.30 22.90 22.20 22.10 23.10 20.50 21.80
16 CC+SM 1 22.70 20.70 23.20 22.00 22.70 24.90 21.47 21.20
16 CC+SM 1 24.30 20.20 25.10 22.30 21.27 23.27 21.00 21.73
16 CC+SM 1 26.07 20.90 23.23 22.60 21.60 25.00 21.50 23.70
16 CC+SM 1 23.90 19.90 23.33 21.30 21.50 25.30 21.10 21.90
16 CC+SM 1 24.63 20.10 22.30 21.17 21.10 22.40 20.80 20.40
16 CC+SM 1 22.90 20.30 23.30 21.30 21.10 21.30 20.10 20.00
18 CC 2 25.40 20.70 23.20 20.60 21.07 22.90 20.30 21.10
18 CC 2 25.10 20.63 24.20 21.00 20.70 22.50 20.20 22.40
18 CC 2 25.90 20.60 24.40 21.40 21.30 23.10 21.10 21.20
18 CC 2 26.90 21.80 24.83 20.47 20.57 22.70 20.33 21.40
18 CC 2 25.40 20.50 23.90 21.00 21.03 24.70 20.70 20.90
18 CC 2 25.03 21.50 24.30 20.50 20.00 22.10 20.87 20.60
18 CC 2 26.30 20.60 22.40 20.50 20.50 22.80 20.10 21.20
18 CC 2 25.73 20.60 24.70 20.90 20.20 22.13 20.40 20.60
18 CC 2 25.40 20.70 23.40 20.60 20.50 23.77 20.90 21.20
18 CC 2 25.57 21.50 22.60 20.07 20.70 22.30 19.70 20.40
13 CC+SM 2 25.93 21.00 24.37 21.33 21.60 23.63 21.67 21.40
13 CC+SM 2 26.40 22.60 24.10 21.13 21.60 21.70 21.60 21.80
13 CC+SM 2 24.67 21.90 23.60 21.80 20.90 22.70 21.60 22.00
13 CC+SM 2 23.47 21.67 24.10 21.50 21.30 23.50 21.73 21.60
13 CC+SM 2 24.00 21.90 23.60 21.90 21.47 22.77 21.20 22.70
13 CC+SM 2 26.70 20.90 24.17 21.50 21.10 24.60 21.20 21.30
13 CC+SM 2 25.13 22.23 24.00 21.13 21.10 23.90 22.27 21.60
13 CC+SM 2 24.90 21.90 25.60 21.50 21.40 24.30 21.20 22.07
13 CC+SM 2 24.80 21.80 25.30 21.33 21.43 25.50 21.50 21.60
13 CC+SM 2 25.63 22.00 24.20 21.20 20.97 25.40 21.80 22.00
15 CC+SM 3 23.70 21.90 25.00 21.43 21.60 24.50 21.40 22.30
15 CC+SM 3 25.63 21.70 26.00 21.50 20.70 23.50 21.30 21.60
15 CC+SM 3 24.87 21.90 26.80 21.50 20.97 22.90 20.90 22.70
15 CC+SM 3 25.83 21.80 24.60 22.20 21.30 25.60 21.80 23.30
15 CC+SM 3 24.77 21.60 24.10 21.30 21.80 23.73 20.60 22.60
15 CC+SM 3 25.10 21.67 25.03 21.60 22.10 23.90 21.23 21.70
15 CC+SM 3 26.77 21.70 25.70 21.00 20.70 23.60 20.20 22.10
15 CC+SM 3 29.03 21.67 25.90 21.60 21.37 23.47 21.10 21.30
15 CC+SM 3 24.80 21.50 23.80 22.00 21.20 22.80 21.00 20.40
15 CC+SM 3 25.67 21.90 24.90 21.60 21.03 22.20 20.70 21.30
14 CC 3 24.67 21.30 24.57 21.80 21.50 23.90 21.60 24.20
14 CC 3 26.13 21.80 24.20 22.00 21.53 24.20 22.90 23.80
14 CC 3 26.53 21.60 26.00 22.90 22.53 28.80 22.50 25.80
14 CC 3 26.17 21.77 23.10 21.30 21.00 24.50 22.40 22.30
14 CC 3 28.00 21.80 24.03 21.90 21.73 23.70 22.30 21.80
14 CC 3 26.73 21.10 25.73 22.10 21.50 24.00 23.47 23.50
14 CC 3 27.10 21.93 24.50 21.40 21.27 24.90 21.70 22.53
14 CC 3 25.97 21.70 25.40 21.47 21.20 24.30 21.90 23.10
14 CC 3 26.80 21.73 25.90 21.30 21.50 25.60 22.90 22.00
14 CC 3 28.70 21.70 26.50 22.00 21.40 25.00 22.30 24.10
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Appendix 10. Stem base temperature (°C) in 1999
Date
Plot Treatment Block 15/06 29/06 06/07 14/07 27/07 10/08 24/08 08/09 21/09
12 CC 1 32.70 24.90 24.20 24.30 25.10 21.20 18.10 21.50 21.10
12 CC 1 30.00 24.90 25.20 24.20 24.17 21.10 17.80 22.50 19.80
12 CC 1 27.97 24.87 23.83 24.30 25.00 20.87 18.30 23.60 20.00
12 CC 1 29.07 25.67 26.70 25.73 24.20 22.10 18.10 21.50 21.40
12 CC 1 31.20 27.17 27.90 25.07 25.80 22.20 18.60 24.10 23.30
12 CC 1 28.90 27.87 25.10 24.70 24.70 21.80 18.10 22.80 19.90
12 CC 1 28.07 26.37 26.50 24.00 24.80 21.60 18.20 22.20 21.10
12 CC 1 28.03 26.70 24.73 25.20 24.40 20.80 18.30 22.23 20.60
12 CC 1 31.10 24.27 25.70 24.50 24.77 21.80 18.60 22.60 25.70
12 CC 1 28.00 24.00 24.30 24.40 25.37 23.03 18.80 23.63 26.40
16 CC+SM 1 28.60 24.60 25.87 25.17 22.80 21.77 18.20 22.20 21.93
16 CC+SM 1 29.23 23.90 25.33 25.20 23.20 21.60 18.40 21.90 22.77
16 CC+SM 1 27.00 24.90 24.53 24.20 24.90 21.50 18.93 22.90 21.20
16 CC+SM 1 30.30 24.63 24.20 23.40 24.30 23.20 18.90 23.00 22.70
16 CC+SM 1 26.63 25.30 23.90 24.80 24.83 22.50 19.00 21.00 22.70
16 CC+SM 1 24.63 24.20 23.30 23.70 23.40 21.40 18.20 21.70 23.60
16 CC+SM 1 27.70 24.43 23.80 24.00 22.97 21.40 18.00 20.50 18.73
16 CC+SM 1 25.90 26.00 22.97 23.40 23.00 22.00 18.87 21.60 20.20
16 CC+SM 1 25.10 26.13 23.50 23.00 23.73 21.97 17.80 21.40 19.20
16 CC+SM 1 24.67 25.03 23.90 23.50 23.00 21.40 17.87 20.70 19.40
18 CC 2 29.50 27.43 25.47 25.60 24.90 22.20 18.60 21.67 22.20
18 CC 2 27.70 26.53 25.07 25.60 24.80 21.13 18.33 22.40 21.27
18 CC 2 28.80 27.33 25.43 23.70 23.80 21.40 18.37 21.70 21.40
18 CC 2 26.53 25.50 25.37 25.10 27.87 23.07 18.33 23.50 22.40
18 CC 2 29.50 27.00 25.63 26.10 26.10 22.70 19.23 24.40 22.00
18 CC 2 28.17 28.10 24.50 24.67 23.60 21.70 18.20 21.60 21.67
18 CC 2 31.20 25.40 24.30 24.63 24.20 22.30 17.80 21.70 21.30
18 CC 2 27.87 26.30 24.50 24.30 24.60 22.50 18.30 20.90 21.00
18 CC 2 27.67 27.90 24.93 24.40 24.17 22.20 18.10 22.43 22.00
18 CC 2 26.93 28.60 23.77 24.10 22.53 22.30 18.10 20.90 22.50
13 CC+SM 2 24.83 23.50 26.77 24.90 25.27 20.70 18.67 22.10 22.50
13 CC+SM 2 26.70 24.37 26.10 23.80 24.60 21.30 18.20 21.50 20.20
13 CC+SM 2 25.97 26.40 25.13 24.10 23.40 21.90 18.23 22.60 19.90
13 CC+SM 2 25.10 23.80 25.80 25.50 23.20 22.20 18.30 21.80 20.23
13 CC+SM 2 27.40 25.17 26.40 25.20 25.70 22.13 18.80 22.80 21.23
13 CC+SM 2 27.40 27.23 25.60 24.20 24.20 21.37 18.20 22.40 20.40
13 CC+SM 2 28.53 24.50 26.97 24.50 24.30 21.50 18.00 21.60 19.40
13 CC+SM 2 27.80 24.70 26.90 24.63 26.40 22.40 19.00 23.27 22.57
13 CC+SM 2 27.00 25.43 26.90 25.70 24.40 22.20 18.30 22.87 20.90
13 CC+SM 2 27.40 25.60 24.97 23.40 23.70 21.60 18.13 23.17 21.20
15 CC+SM 3 27.87 24.70 25.40 24.93 24.80 22.80 18.13 22.93 19.70
15 CC+SM 3 27.70 23.50 28.30 24.90 26.20 23.10 18.83 22.50 19.50
15 CC+SM 3 26.70 26.73 27.90 25.33 26.50 23.67 19.00 24.00 20.50
15 CC+SM 3 27.10 23.40 27.13 24.50 24.80 23.50 18.70 23.70 22.50
15 CC+SM 3 28.33 24.90 27.43 26.10 27.10 24.87 18.80 22.40 20.33
15 CC+SM 3 27.47 27.07 28.80 24.70 25.60 22.80 18.23 21.63 21.00
15 CC+SM 3 27.20 27.20 27.37 24.67 23.10 23.03 18.40 22.10 20.30
15 CC+SM 3 25.00 25.53 27.30 25.20 24.10 22.10 18.60 21.80 19.40
15 CC+SM 3 29.90 26.50 27.33 24.80 25.00 23.40 18.40 22.50 22.03
15 CC+SM 3 28.50 27.20 27.40 24.53 24.70 23.00 18.20 22.77 20.23
14 CC 3 30.37 25.60 26.43 25.20 27.00 22.80 18.50 24.00 23.40
14 CC 3 28.70 25.30 26.50 25.90 27.07 22.90 19.10 23.40 23.10
14 CC 3 27.90 27.30 27.63 25.40 25.30 23.70 19.10 24.40 22.50
14 CC 3 30.43 26.60 27.70 25.50 27.10 22.60 18.67 23.30 20.23
14 CC 3 29.30 26.80 28.43 26.17 27.60 23.00 18.40 22.60 22.53
14 CC 3 30.47 25.20 27.60 24.90 25.30 22.70 18.40 23.10 20.60
14 CC 3 31.77 26.60 27.00 26.70 27.33 23.30 18.30 23.90 21.20
14 CC 3 31.03 24.87 26.50 24.50 24.30 22.50 18.03 22.70 22.17
14 CC 3 32.17 25.70 26.73 25.00 25.50 22.60 17.90 22.20 22.20
14 CC 3 30.40 26.53 28.77 25.10 25.00 22.60 18.50 22.83 22.50
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Appendix 11. Soil organic carbon in 1998 (0 -15cm depth)
mg C/g oven dry soil
Plot no. Treatments Start of season End of season Seasonal change 
April 98 Oct. 98
1 D 15.25 11.94 -3.31
2 CC 10.80 8.33 -2.47
3 CC+SM 13.41 8.84 -4.57
4 CC 12.06 9.90 -2.16
5 CC+SM 13.59 8.87 -4.72
6 CC+SM 15.90 15.70 -0.20
7 D 16.51 13.53 -2.97
8 CC 16.39 16.27 -0.13
9 D 17.36 14.89 -2.47
10 BARE 16.95 15.27 -1.68
11 D 8.82 5.68 -3.14
12 CC 9.61 8.16 -1.45
13 CC+SM 12.10 9.96 -2.14
14 CC 11.25 10.25 -1.00
15 CC+SM 12.60 10.53 -2.07
16 CC+SM 8.85 6.92 -1.93
17 D 7.62 7.93 0.31
18 CC 11.84 7.19 -4.64
19 D 10.83 6.80 -4.03
20 BARE 10.58 8.11 -2.47
21 CC+SM 23.56 19.38 -4.18
22 CC 21.74 22.40 0.66
23 C 18.90 19.47 0.57
24 CC 17.74 17.29 -0.45
25 C 16.19 15.75 -0.44
26 CC 15.96 16.21 0.25
27 CC+SM 16.53 13.11 -3.42
28 CC+SM 15.24 17.12 1.88
29 D 12.85 15.60 2.74
30 BARE 17.42 16.03 -1.39
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Appendix 12. Soil organic carbon in 1999 (0 - 15 cm depth) 
mg C/g oven dry soil
Plot no. Treatments Start of season End of season Seasonal change 
April 99 Oct. 99
1a D 13.75 12.57 -1.19
2a CC 11.55 9.87 -1.68
3a CC+SM 13.99 11.54 -2.46
4a CC 12.72 7.65 -5.07
5a CC+SM 14.38 8.38 -6.00
6a CC+SM 16.98 14.57 -2.41
7a D 17.49 13.09 -4.40
8a CC 19.73 14.01 -5.73
9a D 17.78 14.26 -3.52
10a BARE 16.38 13.98 -2.40
11a D 9.92 6.84 -3.08
12a CC 11.29 7.59 -3.70
13a CC+SM 11.54 10.44 -1.10
14a CC 11.33 10.52 -0.80
15a CC+SM 13.01 10.80 -2.20
16a CC+SM 8.75 7.40 -1.35
17a D 9.18 7.40 -1.78
18a CC 9.84 9.41 -0.43
19a D 9.03 9.34 0.31
20a BARE 8.62 6.55 -2.08
21a CC+SM 26.86 22.41 -4.45
22a CC 21.91 17.21 -4.71
23a C 24.24 20.20 -4.04
24a CC 20.86 17.08 -3.78
25a C 17.93 15.40 -2.53
26a CC 19.24 14.67 -4.57
27a CC+SM 18.52 14.49 -4.02
28a CC+SM 17.93 18.45 0.52
29a D 15.89 11.71 -4.18
30a BARE 15.56 16.69 1.12
264
Appendix 13. Soil available P in 1998 (0 - 15 cm depth)
Available P ppm
Plot no. Treatments Start of season End of season Seasonal change 
April 98 Oct. 98
1 D 78.07 112.27 34.20
2 CC 47.33 124.87 77.54
3 CC+SM 50.36 51.74 1.38
4 CC 39.75 72.44 32.69
5 CC+SM 50.31 20.87 -29.44
6 CC+SM 89.56 112.95 23.39
7 D 82.05 109.55 27.50
8 CC 84.19 105.48 21.29
9 D 61.63 97.43 35.80
10 BARE 45.81 67.74 21.94
11 D 25.41 8.32 -17.10
12 CC 20.42 20.87 0.44
13 CC+SM 26.79 35.44 8.64
14 CC 20.06 18.82 -1.24
15 CC+SM 28.62 33.76 5.14
16 CC+SM 32.94 13.68 -19.25
17 D 19.69 22.00 2.31
18 CC 36.46 17.92 -18.53
19 D 38.16 30.43 -7.73
20 BARE 23.43 19.97 -3.46
21 CC+SM 35.24 63.15 27.91
22 CC 70.21 45.99 -24.22
23 C 21.04 41.78 20.73
24 CC 46.91 29.94 -16.96
25 C 19.37 28.90 9.52
26 CC 24.56 26.75 2.19
27 CC+SM 53.42 33.81 -19.60
28 CC+SM 20.11 33.85 13.73
29 D 22.02 18.39 -3.63
30 BARE 17.87 17.36 -0.52
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Appendix 14. Soil available P in 1999 (0 - 15 cm depth)
Available P ppm
Plot no. Treatments Start of season End of season Seasonal change 
April 99 Oct. 99
1 D 33.86 45.43 11.57
2 CC 4.00 39.93 35.93
3 CC+SM 27.33 44.46 17.13
4 CC 10.52 39.09 28.57
5 CC+SM 20.61 47.72 27.11
6 CC+SM 35.89 99.24 63.35
7 D 33.33 75.76 42.43
8 CC 41.13 70.32 29.19
9 D 44.39 47.12 2.73
10 BARE 13.28 49.62 36.34
11 D 15.56 30.94 15.38
12 CC 20.03 20.60 0.57
13 CC+SM 17.48 25.29 7.81
14 CC 16.05 16.70 0.65
15 CC+SM 22.79 41.28 18.49
16 CC+SM 20.40 46.52 26.12
17 D 22.84 13.58 -9.27
18 CC 22.37 41.17 18.81
19 D 20.74 38.49 17.75
20 BARE 20.71 20.29 -0.42
21 CC+SM 48.98 38.68 -10.29
22 CC 39.85 87.43 47.58
23 C 57.55 20.62 -36.94
24 CC 47.81 65.27 17.45
25 C 24.21 20.45 -3.76
26 CC 36.16 29.36 -6.80
27 CC+SM 26.60 52.25 25.65
28 CC+SM 29.95 20.23 -9.71
29 D 30.07 22.13 -7.95
30 BARE 16.06 18.83 2.77
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Appendix 15. soil available Ca in 1998 (0 - 15 cm)
cmol  Ca kg-1 ov dry soil
Plot no. Treatments Start of season End of season Seasonal change 
April 98 Oct. 98
1 D 6.42 5.59 -0.83
2 CC 4.72 3.39 -1.33
3 CC+SM 4.84 3.74 -1.11
4 CC 4.45 3.43 -1.02
5 CC+SM 4.63 3.09 -1.55
6 CC+SM 8.12 7.87 -0.25
7 D 6.81 5.19 -1.62
8 CC 7.15 7.22 0.07
9 D 6.98 5.89 -1.09
10 BARE 5.95 6.17 0.22
11 D 2.49 2.86 0.38
12 CC 2.42 2.81 0.38
13 CC+SM 3.01 3.17 0.16
14 CC 3.70 3.85 0.14
15 CC+SM 6.66 5.61 -1.06
16 CC+SM 2.37 2.23 -0.14
17 D 2.56 2.65 0.09
18 CC 2.40 2.98 0.58
19 D 2.86 3.03 0.17
20 BARE 3.39 3.52 0.14
21 CC+SM 1.57 1.21 -0.36
22 CC 3.19 2.35 -0.84
23 C 2.18 2.42 0.23
24 CC 2.34 2.38 0.04
25 C 2.82 2.73 -0.10
26 CC 2.71 2.36 -0.34
27 CC+SM 3.27 2.29 -0.98
28 CC+SM 2.51 2.27 -0.25
29 D 1.21 1.32 0.11
30 BARE 1.41 1.04 -0.36
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Appendix 16. Soil available Ca in 1999 (0 - 15 cm depth) 
cmol  Ca kg-1 ov dry soil
Plot no. Treatments Start of season End of season Seasonal change 
April 99 Oct. 99
1 D 3.57 3.64 0.07
2 CC 2.46 2.78 0.31
3 CC+SM 2.58 3.23 0.65
4 CC 2.33 2.55 0.22
5 CC+SM 2.56 2.19 -0.38
6 CC+SM 5.57 5.33 -0.24
7 D 3.74 3.81 0.07
8 CC 4.56 3.89 -0.67
9 D 3.83 3.66 -0.17
10 BARE 3.80 3.87 0.07
11 D 1.90 2.16 0.26
12 CC 1.67 1.89 0.22
13 CC+SM 2.00 2.22 0.22
14 CC 2.57 2.62 0.06
15 CC+SM 3.51 3.18 -0.33
16 CC+SM 1.82 1.90 0.08
17 D 2.07 2.23 0.15
18 CC 1.97 2.67 0.70
19 D 2.03 2.70 0.66
20 BARE 2.32 3.18 0.86
21 CC+SM 1.40 1.19 -0.21
22 CC 1.95 1.56 -0.39
23 C 1.98 2.24 0.26
24 CC 1.42 2.50 1.08
25 C 1.53 2.21 0.68
26 CC 1.59 1.79 0.20
27 CC+SM 1.66 2.25 0.59
28 CC+SM 1.41 2.09 0.69
29 D 0.85 0.98 0.14
30 BARE 0.78 1.31 0.53
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Appendix 17. Soil available Mg in 1998 (0 - 15 cm depth)
cmol  Mg kg-1 ov dry soil
Plot no. Treatments Start of season End of season Seasonal change 
April 98 Oct. 98
1 D 0.87 0.99 0.12
2 CC 0.67 0.70 0.03
3 CC+SM 0.75 0.90 0.14
4 CC 0.74 0.83 0.09
5 CC+SM 0.77 0.86 0.09
6 CC+SM 0.71 0.83 0.12
7 D 0.71 0.79 0.08
8 CC 0.63 0.85 0.22
9 D 0.66 0.76 0.10
10 BARE 0.53 0.76 0.23
11 D 0.51 0.67 0.16
12 CC 0.58 0.71 0.13
13 CC+SM 0.62 0.71 0.09
14 CC 0.53 0.59 0.06
15 CC+SM 0.44 0.55 0.12
16 CC+SM 0.39 0.49 0.10
17 D 0.47 0.61 0.15
18 CC 0.36 0.59 0.23
19 D 0.45 0.60 0.16
20 BARE 0.58 0.83 0.25
21 CC+SM 0.22 0.14 -0.08
22 CC 0.26 0.22 -0.03
23 C 0.21 0.26 0.05
24 CC 0.28 0.33 0.05
25 C 0.43 0.51 0.08
26 CC 0.39 0.42 0.03
27 CC+SM 0.36 0.33 -0.03
28 CC+SM 0.25 0.27 0.01
29 D 0.14 0.16 0.02
30 BARE 0.17 0.17 -0.01
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Appendix 18. Soil available Mg in 1999 (0 - 5 cm depth)
cmol  Mg kg-1 ov dry soil
Plot no. Treatments Start of season End of season Seasonal change 
April 99 Oct. 99
1 D 0.92 0.76 -0.16
2 CC 0.72 0.62 -0.11
3 CC+SM 0.77 0.70 -0.07
4 CC 0.73 0.62 -0.11
5 CC+SM 0.73 0.56 -0.17
6 CC+SM 0.78 0.65 -0.14
7 D 0.73 0.61 -0.12
8 CC 0.70 0.54 -0.16
9 D 0.65 0.51 -0.14
10 BARE 0.65 0.58 -0.08
11 D 0.58 0.58 0.00
12 CC 0.56 0.51 -0.05
13 CC+SM 0.63 0.65 0.02
14 CC 0.57 0.47 -0.11
15 CC+SM 0.44 0.36 -0.08
16 CC+SM 0.46 0.47 0.01
17 D 0.52 0.48 -0.05
18 CC 0.50 0.47 -0.03
19 D 0.52 0.46 -0.06
20 BARE 0.69 0.60 -0.09
21 CC+SM 0.11 0.15 0.04
22 CC 0.13 0.16 0.03
23 C 0.13 0.22 0.10
24 CC 0.18 0.28 0.10
25 C 0.24 0.33 0.09
26 CC 0.23 0.26 0.03
27 CC+SM 0.20 0.28 0.08
28 CC+SM 0.14 0.23 0.09
29 D 0.09 0.12 0.03
30 BARE 0.11 0.14 0.03
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Appendix 19. Green Leaf Area Index in 1998
Date
Plot Treatment 6/25/1998 7/9/1998 7/23/1998 8/6/1998 8/20/1998 9/3/1998 9/17/1998 10/4/1998
1 D 0.30 1.04 2.76 3.30 4.40 3.15 3.45 2.65
2 CC 0.26 1.18 1.76 3.70 3.54 2.97 3.08 1.38
3 CC+SM 0.30 0.81 2.37 3.26 2.68 2.82 2.71 1.67
4 CC 0.19 0.77 1.82 2.61 2.76 2.75 2.94 1.86
5 CC+SM 0.23 1.20 2.30 2.81 3.24 2.94 3.12 1.73
6 CC+SM 0.39 0.88 2.09 2.83 3.72 3.57 3.53 1.22
7 D 0.23 0.85 1.81 2.82 3.06 3.19 2.97 1.89
8 CC 0.24 0.85 2.41 3.57 3.09 3.49 2.55 1.48
9 D 0.22 0.69 1.26 2.57 3.18 3.76 3.55 1.72
11 D 0.25 1.02 1.86 2.66 3.56 3.20 2.79 0.32
12 CC 0.17 0.60 1.86 2.03 3.34 3.32 2.92 1.26
13 CC+SM 0.16 0.63 1.26 1.91 3.20 3.08 2.63 1.18
14 CC 0.12 0.47 1.02 1.92 2.83 3.01 2.75 1.29
15 CC+SM 0.15 0.46 1.36 1.88 2.75 2.97 3.11 1.76
16 CC+SM 0.06 0.27 0.78 1.54 2.54 2.14 2.31 1.33 NB. Plots 10, 20 and 30 were
17 D 0.16 0.55 0.71 1.84 2.39 2.14 1.91 1.05 bare
18 CC 0.17 0.57 1.25 1.68 2.41 2.46 2.15 0.97
19 D 0.10 0.64 1.16 2.32 2.44 2.65 2.53 1.75
21 CC+SM 0.44 0.75 1.15 2.22 2.02 2.11 2.28 1.29
22 CC 0.34 0.73 0.92 2.24 2.26 2.28 1.97 1.29
23 D 0.21 0.76 1.33 2.41 2.05 2.35 2.34 1.23
24 CC 0.30 0.66 1.12 1.74 2.07 2.47 2.41 1.08
25 D 0.17 0.70 1.07 2.29 2.13 2.58 2.20 1.08
26 CC 0.29 0.75 1.42 2.12 2.21 2.99 2.28 0.83
27 CC+SM 0.21 0.63 1.50 1.73 1.99 2.72 2.20 1.23
28 CC+SM 0.19 0.66 1.96 1.87 1.99 2.69 2.49 1.91
29 D 0.25 0.79 2.01 2.09 2.56 2.89 2.30 1.41
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Appendix 20. Green Leaf Area Index 1999
Date
Plot Treatment 6/24/1999 7/8/1999 7/22/1999 8/5/1999 8/18/1999 9/2/1999 9/16/1999 9/30/1999
1 D 0.17 0.49 0.95 1.57 2.04 2.23 2.26 1.78
2 CC 0.13 0.27 0.81 1.37 1.92 2.15 2.09 1.75
3 CC+SM 0.15 0.32 0.99 1.31 2.24 2.39 2.42 1.91
4 CC 0.12 0.38 0.91 1.38 1.99 2.31 2.45 2.16
5 CC+SM 0.13 0.26 0.85 1.27 1.31 2.10 2.19 2.16
6 CC+SM 0.23 0.70 1.24 1.70 2.15 2.79 2.81 3.10
7 D 0.21 0.39 1.08 1.50 1.79 2.21 2.31 1.37
8 CC 0.20 0.53 0.99 1.48 1.99 2.19 2.09 1.51
9 D 0.21 0.36 1.02 1.44 1.66 2.03 2.07 2.10
11 D 0.11 0.30 0.51 1.33 1.65 1.48 1.45 0.79
12 CC 0.12 0.27 0.70 1.38 1.94 2.00 1.92 1.52
13 CC+SM 0.11 0.38 0.80 1.15 1.96 2.15 2.16 2.00
14 CC 0.13 0.34 0.70 1.24 1.55 1.74 1.66 1.20
15 CC+SM 0.14 0.28 0.82 1.38 1.80 2.13 2.23 1.93
16 CC+SM 0.14 0.33 0.73 1.50 1.81 2.01 2.02 1.92 NB. Plots 10, 20 and 30 were
17 D 0.09 0.23 0.74 1.77 1.93 2.00 1.91 1.03 bare
18 CC 0.13 0.35 0.74 1.44 1.91 1.97 1.93 1.36
19 D 0.07 0.22 0.55 1.29 1.84 1.92 1.88 1.27
21 CC+SM 0.14 0.52 0.85 1.31 1.50 1.67 1.88 2.19
22 CC 0.17 0.51 0.91 1.23 1.58 1.75 1.93 1.30
23 D 0.20 0.59 0.85 1.19 1.53 1.89 1.35 0.76
24 CC 0.19 0.56 1.04 1.25 1.76 2.12 2.45 0.93
25 D 0.13 0.41 0.87 1.15 1.45 1.71 1.76 1.13
26 CC 0.17 0.40 0.98 1.32 1.54 2.15 2.07 1.29
27 CC+SM 0.13 0.43 1.06 1.22 1.52 2.14 2.12 2.03
28 CC+SM 0.22 0.50 0.96 1.34 1.59 1.98 2.02 1.94
29 D 0.19 0.64 0.99 1.30 1.57 1.98 2.25 1.05
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